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QUANTUM DEFECT AND THE NEW BOHR THEORY OF 
ATOMIC STRUCTURE! 
By F. S. BRACKETT AND RAYMOND T. BirGE 
INTRODUCTION 


Bohr’s new theory of atomic structure is based primarily on the 
interpenetration of the electron orbits, similar to the interpenetration 
of the “virtual’’ orbits in Sommerfeld’s model for the simple hydrogen 
atom.’ Instead of considering that the several electrons of the complex 
atom form rings, as in the earlier Bohr atom, or fixed space configura- 
tions, as in the Lewis and Langmuir atoms, they are considered to 
move each in its own independent orbit, the radial and azimuthal 
momenta of which are quantized. As one passes from any atom suc- 
cessively to atoms of greater atomic numbers, orbits which existed at 
first only as virtual orbits become permanently occupied electron 
orbits of the atom body. The virtual orbits become actual orbits of the 
atom body in order of stability, that is, the most stable orbits of least 
energy are first occupied. According to Bohr, the maximum number 
of electrons of the atom body which may occupy orbits of the same 
quantum designation is twice the total quantum number of the orbit. 
Electrons occupying orbits of the same quantum designation are con- 
sidered to form an orbital group. An orbital group may be temporarily 
complete before the maximum number is reached, there being always 
an even number in such a temporarily complete group. § Bohr’s assign- 
ment of the electrons to the various orbital groups is given in Table I 
of Bohr and Coster’s article.* The vertical columns in this Table 
represent orbital groups. Thus in sodium there are three such groups 

Presented at el Venigne meeting of the American Physical Society, April, 1922. 
* See Fig. 1, page 22, Foote and Mohler “Origin of Spectra.” 


*ZS. f. Physik, 12, p. 342; 1923. 
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(1;, 2:, and 2.) aside from the valence electron which is concerned jn 
the process of radiation. 

In the cases of the simple hydrogen and ionized helium atoms, it is 
possible to make direct calculations for the energy values of the various 
states of the atom, and these lend themselves to experimental test. In 
the case of the more complex atoms however such a method presents 
too great mathematical difficulty. Bohr’s new theory finds its chief 
support, therefore, in the sweeping correlation of spectroscopic data 
which it renders possible. For th: energy values of the possible atomic 
states are known from the values of the various spectral terms. It is 
the purpose of this article to present such a correlition of data based 
upon a logical assignment of quantum numbers to the various atomic 
states. 

The method of assignment of quantum numbers to the various atomic 
states is based upon the gradual progression from the well known hy- 
drogen states to those of more complex atoms. In the case of a neutral 
atom ir an excited state, where a single electron occupies an orbit which 
is everywhere remote from the atom body, the force acting upon it is 
practically the same as that in the hydrogen atom. The energy values 
of the atom associated with these more remote orbits may therefore 
be expected to be very nearly those of hydrogen. Hence assignment 
of quantum numbers can readily be made. As one proceeds to atoms 
of increasing atomic number, it should be possible to follow the gradual 
change in energy value of a state, corresponding to the development of 
the atom body. If we consider an orbit which penetrates within the 
range of the orbits occupied by electrons of the atom body, we can no 
longer assume that it is acted upon by a force equivalent to that of a 
single charge on the nucleus. In fact if the electron passes very close 
to the nucleus, the force may conceivably be as much as Z times greater 
(where Z is the atomic number). The kinetic energy for such an orbit 
would be more than that for a smaller force field, the total energy being 
therefore decreased. So we may state the general principle that the 
penetration of an orbit into a region of greater force decreases the total 
energy and thus increases the stability of the orbit. 

Let us now consider an hypothetical case of atomic evolution starting 
with hydrogen and adding an electron to the atom body for each charge 
added to the nucleus. When the first electron is added it should nor- 
mally occupy another 1, orbit, thus forming the first complete orbital 
group of two. The next electron will occupy the most stable of the vir- 
tual orbits. In hydrogen the virtual orbits of quantum number two 
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all have the same stability (neglecting the relativity effect). In this 
case, however, the more eccentric orbits having only a single quantum 
of angular momentum (the 2; orbits) may by analogy be expected to 
penetrate into a region of greater force, i.e. so close to the nucleus that 
the added negative charges do not counteract the effect of the added 
charges on the nucleus. The 2, orbits are thus rendered more stable 
than the 22 (circular) orbits. Added electrons therefore assume 2, 
orbits until the group is either temporarily or permanently complete. 
The subsequent electrons will occupy 22 orbits unless the 3, orbits may 
have been rendered more stable as a result of the penetration effect 
just discussed. The development of the atom body may therefore be 
thought of as bound up with the modification of the energies of the 
virtual orbits, brought about by its own development. 

Although it is obviously impossible to witness such an evolution, we 
may relate in this way the energies of the various stable states of the 
atoms if we arrange them in order of increasing atomic number. The 
spectroscopic data are sufficient to determine the energies of the 
existing stable states, but do not, as we have said, offer immediate 
identification of these states in regard to quantum number. The argu- 
ment given above suggests, however, that we should expect a decrease 
in energy with the increase in penetration resulting from the develop- 
ment of the atom body as we pass to atoms of greater atomic number. 
This is at variance with the previous arbitrary assignments. Abandoning 
therefore the old notations, a complete reassignment has been made 
which finds its chief support in the relations which appear between 
the variation of the energy of the stable states and the development 
of the atom body. This reassignment is, of course, based on Bohr’s 
new theory and is in agreement with that suggested by Bohr, in the 
majority of the cases where he has made such an assignment. 


EXPLANATION OF DIAGRAMS 


The energies of the orbits, obtained from the series “terms” of all 
the arc spectra‘ as given in Fowler’s “Report on Series in Line Spectra” 
have been plotted against the atomic numbers. Relations have been 
found between the deviation from the value of the energy for the cor- 
responding orbit of hydrogen, and the development of the atom body 
with increasing atomic number. The relations become more apparent, 
however, when the “denominators” of the terms are plotted against 
the number of orbital groups in the atom body. The three diagrams 


‘ Enhanced series are not discussed in this paper. 
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accompanying the present article are plotted in this way. It should 
be noted that when there is but one electron in the valence orbital 
group, that electron during radiation occupies the so-called virtual 
orbits, thus leaving in the atom body one less orbital group. Where 
there are two electrons in the valence orbital group, one electron stil] 
remains in that orbital group, during the processes of radiation. Thus 
there are in the atom body of potassium (as distinct from the radiating 
electron) five orbital groups, while in calcium there are six. 

The “denominator’”’ is defined as follows. According to the quantum 
theory if an electron fell from infinity into a given orbit, for which the 
energy of the atom is E (always negative since the initial energy is 
taken as zero), light will be emitted of wave number v, where 

ho = —E., 
v is known as the wave number or term value of the orbit. In the 
spectral formulae of Balmer, Rydberg, Hicks, etc., the term value is 
written R 


ya, 


D* 
where R is the Rydberg constant (109678) and D is the “‘denominator.” 
Therefore 7 yf 
v 

In plotting the Moseley X-ray curves,’ it is customary to use the re- 
ciprocal of D. rn 

In the case of the hydrogen atom, according to the simple Bohr 
theory, D is simply the total quantum number () and is therefore an 
integer. In the case of other atoms let us write for the terms 

R 
(n—q)° 
defining the “quantum defect” g, and the “effective quantum number” 
n—q, Which is simply the denominator. In this way we use always 
the same Rydberg constant R, and express the deviation from the 
hydrogen term of quantum number in terms of the quantum defect 
q (i.e. for hydrogen q is zero) instead of writing 
_ (Z*)?R 
og? 
where Z* is the effective nuclear charge and m is the actual total quan- 
tum number of the orbit in question. It may be noted that 


__ (Z*=1 
aes ter 





v 
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The quantum defect g, being dependent upon the decrease in energy 
which results from the penetration of the orbits within the atom body, 
is taken as a convenient measure of the penetration. 

In all the diagrams the denominators are plotted as ordinates against 
the number of orbital groups as abscissae. At the top of each diagram 
is indicated the element with its atomic number, corresponding to the 
number of orbital groups shown at the bottom. Experimental values 
of the denominators obtained from spectroscopic data are indicated 
by circles. These values were obtained from the data given in Fowler’s 
Report, with additions to be mentioned later. As one proceeds towards 
elements of greater atomic number, orbits previously virtual become 
occupied by electrons of the atom body. The energy values and hence 
the denominators can no longer be obtained from spectroscopic data. In 
most cases, however, the values can be obtained from X-ray data, and 
such data are represented by small crosses, the values being taken from 
Bohr and Coster’s article. In other cases smoothed data and interpo- 
lations have been used as in the curves (Fig. 3) of that article. Such 
points are not marked with a cross, but the curve is carried through each 
point, and usually has a bend at each one. In certain cases probable 
predictions have been indicated by small squares. The triangles in- 
dicate points transferred from the singlet diagram to the triplet, as will 
be discussed in detail in the accompanying article by one of us (Birge). 

With the quantum designations used, lines connecting orbits of the 
same quantum value in the various elements run, with very few excep- 
tions, downward from left to right. The type of line indicates the azi- 
muthal quantum number of the orbit, as follows. 

1. Full lines connect points representing orbits of the same total quan- 
tum number, all having the azimuthal quantum number one, such as 
all the 1, points, all the 2; points etc. These will be referred to as sub 
one curves. 

2. Broken lines connect points for azimuthal quantum number two 
(sub two curves) as all the 22 points, all the 3. points etc. 

3. Dotted lines connect points of azimuthal number three, as 33, 43, etc. 
4. Dot-dash lines connect points of azimuthal number four, as 44, 54, etc. 

The 6;, 62, 63, and 6, lines are indicated at the right of each diagram, 
as a typical set. All such lines as have been mentioned will be referred 
to as curves, in distinction from the lines appearing on the triplet dia- 
gram, Fig. 2, which run downward from right to left. These latter 


loc. cit. 





218 BRACKETT AND BIRGE [J.0.S.A. & R.S.I., 8 


will be spoken of as diagonals and are drawn for the purpose of testing 
certain regularities and of aiding in predicting certain points. 

As electrons are added to any quantum orbit, thus making it an X-ray 
level, the fact is indicated by numerals on the curve of that orbit, the 
valence electron concerned in the radiation not being counted. Thus 
in the doublet diagram, Fig. 1, the 3, orbit is the valence orbit for 
sodium. At aluminum two electrons have been added to the group, at 
potassium four, at copper six, thus completing the group, (twice the 
total quantum number), so that the number remains unchanged for 
the succeeding elements. For any given abscissa the diagram indicates 
the structure of the corresponding element. Thus for 3 (sodium) it 
indicates two 1, electrons, four 2; and four 22, besides the valence elec- 
tron. 

When a curve, if drawn as a series of straight lines from point to 
point of the experimental data, has a change of slope at each point, 
this method of drawing is generally employed. In many cases however, 
the curves are closely linear, for three or four experimental points, and 
in such cases the curves are drawn accurately linear and so do not pass 
exactly through all of the experimental points. In many cases definite 
changes of slope occur at some given element, and in order to better 
visualize the change, the linear curve on one side is extrapolated, instead 
of being bent, thus causing a discontinuity in the curve. In general 
where experimental points are lacking for one or more elements, the 
nearest experimental points are simply connected by a straight line. 
In many cases, however, the connecting line is indicated with one or 
more bends. Such a line has been drawn by analogy to similar lines 
for which the data are complete. This is particularly true of the triplet 
diagram, Fig. 2, which has been studied with especial care. 

The quantum designation which we have assigned to the first term 


of each spectral sequence, using Fowler’s nomenclature, is indicated 
in Table 1.° 


* The assignment of quantum numbers used in this article was made in March 1923, 
and the diagrams were shown at the April 1923 meeting of the American Physical Society. 
At that time the only published article by Bohr on this subject was that in the ZS. f. Physik, 
9, p. 1; 1922. In that article the quantum designations of only a few terms were given ex- 
plicitly. We however had available a typewritten copy of Bohr’s 1922 Géttingen lectures, in 
which the question is discussed more fully, and also prints of lantern slides used by Bohr in 
his European lectures. According to the latter, Bohr had made no assignment of any of the 
triplet terms, nor of the terms of the oxygen group. In the case of the sub 3 levels of Cu, 
Ga, Rb, Ag, In, Cs, Zn, and Cd, we were not in agreement with Bohr’s assignment, as noted 
in Table 1, and discussed later in this article. As this paper was about to be sent for publi- 
cation, we received a copy of Bohr’s paper, Ann. d. Physik 7/, p. 228; 1923, in which occur 
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From these values, the quantum designation of any other term im- 
mediately follows. Thus for the mo sequence of sodium, Io =3;, 2¢=4;, 
Jo=5;, etc., Im =32, 2n=42, Jn =52 etc. Where the indicated spectral 
TABLE 1. Spectroscopic Notation 
DOUBLETS 








Rb 
Ag 
In 
Cs 








33 according to Bohr 
2, according to Bohr. 


SINGLETS 








| 
| 
| 
| 
| 
| 


Ca 
4;*(a) 
Se(d) : | (43) 
Sr : 5, | 4; 
Cd : 53*(a) 
Te(d) | (53) 
Ba ’ 2 53 


| 


a) 33 according to Bohr. 

(b) 2: according to Bohr. 

(c) Not assigned by Bohr. 

d) O, S, Se, and Te not assigned by Bohr. 

* Fowler’s 2D for O, Mg, Zn, and Cd should be called 1D, as it is the first possible 
term of the series. 


** Fowler's 2F for Ba should be called 3F 





diagrams similar to those of the lantern slides just mentioned. The new diagrams are however 
more complete, in that the triplet terms of Mg, Ca, Sr, Ba, Zn, Cd and Hg, are assigned 
quantum designations. These are in agreement with our assignment, except in the same in- 
stances as noted for the singlets. Furthermore, Bohr has designated the initial sub 2 level 
for Cu, Ag, Zn, and Cd, as 22, which is not in agreement with our assignment, nor with our 
previous information as to Bohr’s assignments. All of these discrepancies are noted in the 
Table, and will be discussed later. 











220 BRACKETT AND BIRGE [J.0.S.A. & R.S.I., 8 


TABLE 1. Continued 














TRIPLETS 
eS * Ip ld | 3f 
Be 3; 2, 3s | (44) 
O(d) 3; 3 3* | (4) 
Mg 4, 33 3;° 4, 
S(d) 4, 4: (33)** | (44) 
Ca 5, | 4s 3s 4, 
Zn 5S, | 49(b) 4;*(a) | 4, 
Sed) | (5) | 5s (4) | (4) 
Sr 6; | Se 43 44 
Cd 6; | 5e(b) 53*(a) | 4, 
Te(d) (6;) | (62) (53) (44) 
mm | | 6» | & 4, 


a) 3; according to Bohr. 

(b) 2, according to Bohr. 

*Fowler’s 2d of O, Mg, Zn, and Cd, should be called 1d, as in each case it is th 
first possible term of that series. 

** Fowler's 4d of S, and Se, should be called 3d. 
term has not been experimentally determined, it is enclosed in paren- 
thesis. Fowler has not uniformly represented the first possible term 
of the D, d, and F sequences by the same numeral. The changes 
necessary to bring about uniformity are indicated.’ The electron 
arrangement for O, S, Se, and Te, has been taken from Bohr’s Got 
tingen lectures, and may be obtained from that of B, Al, Ga, and In, 
respectively, by adding one more electron in the valence orbit, and 
two in the preceding orbital group. Thus oxygen has two 2, electrons, 
four 2, electrons, and two 1, electrons. 

Some of the oxygen and sulphur terms, indicated as experimentally 
known, have been obtained from recent work by Hopfield. The 4; 
and 5, triplet terms of sulphur are known from Meissner’s measurement 
of the \9228 triplet. The indicated known Be terms have been esti- 
mated from the identifications listed on pages 71-72 of Paschen-Gétze 
“Seriengesetze der Linienspectren.”’ All of these added data are 
discussed in detail in the succeeding article (Birge). 

Tl and Hg have been omitted from the diagrams because the insertion 
of the rare earths group produces irregularities in the spectra of these 
elements, as contrasted to the previous uniform development of the 
quantum defect, which do not properly come within the scope of this 
article. 


7 The term designations used in this and in the following articles are those of Table 1, and 
so do not agree with Fowler in the case of certain D, d, and F terms. 
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The published diagrams were originally plotted on a scale of 0.02 (in 
the denominator value) to the mm, and were correctly drawn to 0.02. 
The denominator values used in the plotting and in the analytic work to 
be mentioned were obtained with a 20 inch slide rule, and are accurate to 
about 0.05 per cent. On the diagrams each curve starts, on the left, 
at the ordinate corresponding to its total quantum number. The 
quantum defect g then appears as the vertical distance from the 
curve to the horizontal level established by this origin. 

Perhaps the most striking feature of these diagrams is the numerous 
linear relations which appear. Analytic computations indicate that 
the relations are never strictly linear, but in many cases the average 
deviation from linearity is less than 0.01 in the denominator value. 
Such cases will be referred to as linear, and the term “deviations from 
linearity” will be reserved for the more pronounced variations. 


DovuBLet DIAGRAM (Fig. 1) 


rhe quantum defect for the sub one and sub two orbits shows an 
approximately linear variation. The departures from linearity are as 
follows 

1) discontinuities at x=1, 5, and 8. 

2) changes in slope at x =5 and 8. 

Let us define k as the penetration per orbital group in the range up to 
potassium. It will be seen that the discontinuities in the sub one 
curve are all approximately equal to 0.25 k. The total quantum defect 
may then be written, for Li g=k, for Na 3.25 k, for Al 4.25 k, and for 
K 5.25 k. From K to Rb the rate of penetration per added orbital 
group is different and might be indicated as k’. It should be noted 
that k’ =k—0.25 k. 

The following points are probably significant: 

1) The sub one curves show an increased penetration corresponding 
to every orbital group added to the atom body. 

2) The sub two curves, although exhibiting roughly the same rate 
of penetration, show practically no effect for the first group, indicating 
that the sub two orbits do not cut the first orbital group. This is 
borne out not only by the very small penetration for lithium but 
also by the fact that the sub two curves extended back give the value 
g=0 for x=1. The very small effect which does exist for lithium is 
therefore the so-called polarization effect. 

3) The discontinuities, which appear as a departure from the 
quite definitely established regularities, occur where the number of 
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electrons required to complete a group undergoes a change. As will be 
seen later the amount of these discontinuities is peculiar to the doublet 
system. 

4) The main change in slope occurs where the 3; orbital group is 
added to the atom body. The orbits of this group, being of zero 
eccentricity, are formed relatively close to the nucleus. This might 


i 13 17 27 J/ 37 47 47 
Ce, Ge Re Ag In 
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Fic. 1. Diagram for doublets. 


be expected to produce a profound change in the other orbits. The 
resulting change in stability no doubt causes the observed change in 
complement of the temporarily completed groups. Thus between 
K and Cu the 3; group is added and the complement changes from 
four to six. 

5) Aluminum (13), gallium (31), and indium (49) appear on the 
diagram where from the periodic table we might expect phosphorus 
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(15), arsenic (33), and antimony (51). The former have only two 
electrons in the outer group (i.e. 3, 4:, and 5; respectively) where in 
order to be in strict correspondence there should be four. For alumi- 
num the experimental sub one and sub two points lie accurately on the 
linear curve. For gallium and indium they lie slightly above the 
curves. This fact, i.e. the ability to make this substitution without 
appreciable distortion of the curves, shows that as far as the deeply 
penetrating orbits are concerned, two electrons in a group have practi- 
cally the same effect as four. This is precisely the effect found by 
Bohr and Coster in the Moseley X-ray curves, which remain practically 
horizontal while an inner group is being augmented. Thus on page 
362 (loc. cit.) the 4, curve remains horizontal while the 3; group is 
being formed so that for instance the ordinate for x=23 is the same 
as that for x =25. 

On the other hand, the sub three experimental points for aluminum 
fall far below the sub three curves. (These points are indicated by 
double circles). This is due, no doubt, to the fact that since the two 
electrons in the outer orbital group are acted upon by a smaller force 
than the four would be, they move in larger orbits and thus reach out 
to the sub three orbits and more strongly affect them.* As would be 
expected however, the sub three points for gallium and indium fall 
close to the curves, since in this case, according to our assignment, 
the sub three orbits show a penetration corresponding to several 
orbital groups, regardless of the number of electrons in the outer group. 

The greatest uncertainty arises in regard to the assignment of the 
sub three orbits in the case of the doublets. The discussion will there- 
fore be postponed until the other diagrams have been considered. 

The gradual development of the atom body can readily be followed- 
At lithium its influence has just reached to the 22 orbit which has 
an energy value and so a size almost that of hydrogen. At sodium it 
has extended to the 3; orbit and at potassium to the 4, orbit. From 
this point shrinkage resulting from the increased effective force bal- 
ances the natural increase in size of the atom body with added groups. 
The 4, orbit thus remains almost that of hydrogen. 


5 The sub three points for larger values of » show greater divergence from the curves than 
do those for smaller values. This may be due to the greater penetration of the former orbits, 
in analogy to hydrogen. Thus in hydrogen the perihelion distance of the 33, 43, 53, 63, and 7; 
orbits is 9.00, 5.42, 5.00, 4.82, and 4.73 respectively. 
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TRIPLET D1AGRAM (Fig. 2) 


Elements having two valency electrons show two distinct types 
of spectra, characterized in the one case by triplet terms® and in the 
other by singlet terms. The data from the triplet spectra are by 
far the most complete and show the greatest regularity. Although 
these had not previously been assigned, to our knowledge, by Bohr, 
the gradual departure from the original hydrogen value can be fol- 
lowed unmistakably. The completeness of the data renders this the 
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Fic. 2. Diagram for triplets 
most certain assignment of all. All of the elements of this diagram 
have, according to Bohr, a valence group of two electrons, with the 
other orbital groups temporarily complete. As one of the two valence 
electrons enters into the process of radiation, we regard the outer 
orbital group of the atom body as composed of only one electron. ’ 
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® With the exception of the sub one term, which is always single. 
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Here we have the same linear relations and exactly the same slope as 
in the previous figure for the sub one and sub two orbits, as far as x =6. 
The only difference between this case where the outer orbital group 
of the atom body is composed of only one electron as against four in 
the case of the doublets, is a constant difference in the quantum defect 
for the deeply penetrating orbits of approximately 0.25 k. This is 
illustrated in Table 2 and again bears out our observation in regard 
to the relative independence of the quantum defect, in the case of a 
deeply penetrating virtual orbit, and the number of electrons composing 
the outer orbital group of the atom body, as already illustrated in the 
case of Al, Ga, and In. 
































TABLE 2. 
Atomic Constitution 
Number | Element x of atom body. | gq for 7; Ag q for 62 Ag 
| 11 21 2231 32 
11 Na 31244 1.350 0.122 
8 O 3 241 1.228 
3 | Al 4}2442 1.768 0.130 1.290 | 0.145 
12 Mg 4 | 2441 1.638 5 
19 K 5 | 24444 2.188 0.123 | 
16 S 5 24441 2.065 | 








That this constancy of quantum defect is not an unexpected result 
may be shown as follows: As the number of electrons in the outer 
orbital group decreases, accompanying a decrease in atomic number, 
the average force acting on each electron decreases, and hence the 
size of its orbit increases. Therefore a greater portion of the virtual 
orbit being considered lies within the orbits of this outer group, but 
the increase in energy of the virtual orbit which would thereby be 
produced is counterbalanced by the decrease in energy resulting from 
the smaller force acting within the region of penetration. 

Discontinuities and changes in slope occur at points x=6 and 9. 
These points, it will be noted, are again the places where sub three orbi- 
tal groups are added to the atom body and where a change takes 
place in the complement of a completed group. The discontinuities 
are however different in magnitude and in direction from those of the 
doublet diagram. The difference in quantum defect resulting from 
these discontinuities is gradually counteracted by a slight difference in 
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slope following the points of discontinuity, so that the general variation 
of the quantum defect is the same as for the doublets. 

The sub three curves are in this case much more regular and exhibit 
the same general rate of penetration as the sub one and sub two curves. 
This is to be expected since the single electron remaining in the atom 
body occupies a larger orbit than those of the four electrons in the outer 
group of the doublet atoms. This wide sweeping electron cuts the sub 
three orbits and even produces a marked effect on the sub four orbits. 
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Fic. 3. Diagram for singlets 


SINGLET D1AGRAM (Fig. 3) 


It is well known that the singlet series, first discovered by Saunders, 
are very irregular, showing most unexpected and pronounced deviations 
from all suggested equations for spectral series. This is especially true 
for the Ca, Sr, Ba group. The Zn, Cd group shows fairly regular 
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sequences, as does Mg, except for the sub three sequence. The data 
in all cases are very incomplete, compared to the triplets and doublets. 
The diagram illustrates these irregularities quite vividly. In spite of 
them it seems possible to assign quantum numbers with some con- 
fidence, except in the case of the sub four orbits, for which the present 
assignment is only tentative. The 4, Sr orbit with its denominator of 
4.145 is quite unprecedented and is left unassigned by Bohr. The sub 
one term of Ca together with the corresponding Sr term of denominators 
3.820 and 3.828 respectively, stand, as is well known, as the single ex- 
ceptions to an otherwise regular series. The curves have been drawn 
through the points to be expected by strict analogy (i.e. 3.66 and 3.72). 

It will be noted that for the sub one orbits no discontinuities appear 
and such minor irregularities as there are disappear for the larger 
denominator values. The general modifications in slope are neverthe- 
less apparent, showing again that the slope changes are characteristic 
of the development of the atom body, whereas the discontinuities are 
peculiar to the spectral system, as already pointed out. 


GENERAL CONCLUSIONS 


One of the most interesting relations becomes apparent when the 
singlet and triplet diagrams are superposed. Although the two sets of 
corresponding points show marked differences in the major portion of 
the diagram, they apparently approach identity at the valence orbit 
in all cases. This point together with the recent work by Hopfield on 
oxygen and sulphur is taken up in detail in the succeeding paper by 
one of the authors (Birge). The diagonals which have been drawn in 
some cases on the diagrams show that not only is there a parallelism 
of the curves of the same azimuthal quantum number but also that 
where there is a departure from that regularity in the case of the smaller 
denominators, the departure of one curve is related to that of another, 
showing thus a two-fold regularity. 

In general as would be expected the sub one curves exhibit the 
greatest regularity. Being the most deeply penetrating, they are least 
affected by the irregularities of development of the atom body. The 
sub two curves, with the exception of the singlets, show a similar 
regularity but indicate the penetration of one less orbital group. To 
that extent therefore the statement may be made that sub one orbits 
will penetrate sub one orbital groups, sub two orbits will penetrate sub 
two orbital groups, and so on. This might be expected from analogy 
to hydrogen where it will be noted that each orbit of higher total quan- 
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tum number penetrates farther than the preceding one of the same azi- 
muthal quantum. This is the precedent for our assignment in the case 
of the questionable doublet sub three levels. 

Little can be said at this time in regard to the extent of the influence 
of the atom body beyond the actual extent of the orbit. That is, in 
such an open structure the field of augmented force may extend well 
beyond the region of the orbits of the electrons of the atom body. 
If the force fields about the nucleus fall off in a more or less continuous 
manner, we are lead to expect either one level of a given quantum des- 
ignation or three such levels, two being impossible. Rough calculation 
would suggest that the maximum extent of the actual orbits in the case 
of copper is a comparatively short distance, i.e. probably not to the 
distance of a 2. orbit in hydrogen. The presence therefore of the 
**y”’ level,!° with the spectral characteristics of a sub three orbit, lends 
support to the assignment of 3; to our 4; point, to the “‘x’’ level, and to 
the X-ray level. If that is the case we should regard the sub three levels 
as departing from the hydrogen values until potassium is reached, but 
as a result of shrinkage returning to them at copper and again at silver. 
Our assignment of the sub two orbits, although in some cases dif- 
ferent from Bohr’s is supported by such pronounced regularities in the 
case of the doublets as well as the triplets that they seem well estab- 
lished. Our assignment of the sub three levels for the triplets, again 
in some cases at varience with that of Bohr, is supported by the fact 
that the influence of the atom body is shown by the sub four levels. 
Furthermore, calculations of orbital sizes would suggest an actual cut- 
ting of the 3, orbit even if it were to have an hydrogen size, by the wide 
swinging orbit. This subject will be dealt with more at length in a 
subsequent paper by one of us (Brackett). 

Probably the most satisfactory feature of the present assignment is 
the beautiful agreement between the curves through the points es- 
tablished from spectroscopic data and the X-ray curves plotted from the 
Bohr and Coster article by simply using the reciprocals of the ordinates 


of their diagrams. The use of the reciprocal transforms the linear curves 
of the Moseley diagram into shifted equilateral hyperbolae, on our dia- 
grams. 


The X-ray assignments used by Bohr and Coster are quite different 
from the former scheme. By the new method the two energy levels 
forming a narrow relativity doublet are both given the same m, quan- 


‘° See Fowler’s Report, p. 111. 
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tum designation, while a change in this designation results in a com- 
paratively wide “screening’’ doublet. Thus on our diagrams each 
quantum curve, with the exception of the sub one curves, represents a 
relativity doublet, but the doublet separation is too small to be indi- 
cated. According to the older method of designation, the same m 
quantum designation was given to each of the two widely separated 
levels of a “screening” doublet, while a change in this designation 
resulted in a relativity doublet. An application of this type of designa- 
tion to our diagrams would mean that as now plotted each of our curves 
(except the sub one) actually represented two almost coincident curves 
of different quantum designations. The average curve for any given 
quantum designation would be obtained by using the mean value of the 
various wide “screening”? doublets, and would lie about half-way 
between two of the present curves. It is evident that such a shift of 
our curves, in the X-ray region, would destroy much of the present regu- 
larity of the diagrams. Hence these diagrams seem to furnish evidence 
in favor of the new Bohr and Coster assignment of X-ray levels. 


SUMMARY 


1) A quantum assignment has been made for all of the spectral 
terms of arc series, based on Bohr’s new theory of atomic structure. 
This assignment depends on the variation from the hydrogen value of 
the energy (and hence stability) of any given type of orbit, with in- 
creasing atomic weight. 

2) Diagrams are published in which the denominators of the various 
spectral terms are plotted against the number of orbital groups present 
in the atom body. These diagrams exhibit numerous striking regulari- 
ties and furnish the chief evidence in favor of the present assignment of 
quantum designations. 

3) A detailed study of the diagrams, together with the numerical 
relations obtained, indicate the correctness of the actual atomic models 
postulated by Bohr. 

4) All available X-ray data for the elements considered are plotted 
on the diagrams, in addition to the spectroscopic data. The articula- 
tion of these two sets of data furnishes evidence in favor of the Bohr 
and Coster re-assignment of X-ray levels used in our diagrams. 

5) The present quantum assignments include a number not yet 
made by Bohr, and in other instances, differ from Bohr’s assignment. 
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Evidence bearing on this matter is briefly summarized, and will be 
discussed in detail in a subsequent article by one of us (Brackett). 

6) The diagrams have made possible not only a significant correla- 
tion of known spectroscopic data, but also the identification of spectral 
terms, derived from recent work by Hopfield, and the prediction of other 
as yet unknown terms. These points are discussed briefly in the present 
paper, and in detail in the following paper by one of us (Birge). 

PHysiIcaL LABORATORY, 


UNIVERSITY OF CALIFORNIA, 
SEPTEMBER, 1923. 


Report of the National Research Council Committee on Electro- 
dynamics of Moving Media, by W. F. G. Swann, John T. Tate, H. 
Bateman, E. H. Kennard. Pp 172, published by the National 
Research Council, 1922. 


This report consists of four parts, of which one is contributed by each 
of the four authors. The first part, by Professor Swann, on the Funda- 
mentals of Electrodynamics, contains an excellent critical examination 
of the fundamental laws of the subject in which the author takes pains 
to distinguish those relations which are purely definitional from those 
which constitute laws of nature. Thus “we are driven to admit that 
the equations giving the fields in terms of the motions of the charges 
contain practically nothing which is not definition, and that the real 
law of electromagnetic theory is not stated until the force equation is 
stated.” It might have been added that, while the field equations are 
undoubtedly entirely definitional, yet great discernment was necessary 
in layirtg down definitions in such a form as to prove useful in the com- 
plete expression of the theory. As a case in point, Maxwell’s displace 
ment current may be cited. The addition of this term, the author 
concludes, is more or less arbitrary, and has no very good philosophical 
justification. Yet the emission theory was published nine years ago, 
and from the point of view of this theory the inclusion of this term is 
absolutely inevitable. 

Some of the author’s efforts to attain rigor seem to be carried too far. 
Thus ‘‘Nobody can assign any meaning to the field inside a moving 
electron when that field is defined as the force on a unit of charge 
attached to a piece of matter of macroscopic size.” Undoubtedly 
true, but why imagine as large a charge as an electrostatic unit to be 
employed, and why attach it to any matter at all? Ideal experiments 
are of the utmost value in the attempts of science to correlate phenom- 
ena, and one should not be deterred from utilizing them even in 
regions so inaccessible as the interior of an electron. 

On the whole, however, Professor Swann’s paper is most illuminating 
and should be read by every student of electromagnetism. In addition 
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to the discussion of the electromagnetics of charges in space, he devotes 
considerable attention to the subject of electromagnetic fields in 
material media, treating both the case of fixed media and that of 
moving media by Lorentz’s method of averaging. 

The second paper, by Professor Tate, takes up the subject of unipolar 
induction from both the theoretical and experimental points of view. 
His clear and concise treatment of the subject should set at rest for 
good all discussion as to whether or not the lines of force move with a 
rotating magnet; a question which, on the basis of Lorentz’s theory, 
has never had but one answer. It is perhaps to be regretted that the 
simple case of an Amperean whirl in translation relative to the observer 
has not been presented in more detail from the aspect of the relativity 
theory, as this point of view brings out so clearly the reason for its 
eflective electric moment. 

Professor Bateman’s paper, entitled ‘“‘Equations for the Description 
of Electromagnetic Phenomena,” is the most interesting of the four, in 
that it contains a suggestive effort to overcome some of the incon- 
sistencies between classical electrodynamics and the quantum theory. 
Perhaps the two most puzzling questions connected with the electron 
are: (1) what holds this particle together and determines the magnitude 
of its charge; (2) how is it possible for an electron to traverse a periodic 
orbit without radiating. Poincaré attempted to answer part of the 
first question by postulating a hydrostatic ether pressure and was able 
to account for the stability of the Lorentz electron so long as its motion 
remained uniform. The reviewer has been able to do as much on a 
more purely electromagnetic basis by assuming that the electric fields 
of the elements of charge of which the electron is composed rotate about 
axes normal to its surface. Professor Bateman attempts to answer this 
question by introducing a new force of a character rather different 
from that of any force which investigation of physical phenomena has 
yet revealed. This force, exerted by charged particles, varies inversely 
with the first power of the distance instead of obeying the usual inverse 
square law. It acts, however, not on charges but on the gradient of 
charge density, and has the direction of this gradient. Thus, while its 
efiect on a portion of an electron might be considerable, the resultant 
force on the whole electron would in general be very small if not zero. 
Therefore it would have little effect on the motion of an electron as a 
whole and would not be easily detected by experiments involving the 
motions of even individual electrons. On the other hand it supplies an 
inward force on the charge of which the electron is composed, which 
may balance the outward electrostatic stress. In fact the equation 
which specifies the density of charge of the electron requisite for perfect 
balance between these two forces seems to have two roots, which, 
Professor Bateman thinks, may correspond to the electron and the 
proton, although the theory gives no indication of negative charge in 
the one case and positive in the other. 
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Even more important, however, is the success of the theory in 
accounting for radiationless orbits, such as Bohr’s theory of the atom 
seems to require. Taking into account the radiation due to the new 
force as well as ordinary electromagnetic radiation, it is found that 
periodic orbits are radiationless. There are other generalizations of 
electromagnetism which lead to radiationless motion, but this theory 
is particularly happy in that this condition is attained only in the case 
of orbital motion (in addition to uniform translation). Its chief defect 
lies in the fact that all orbits are free from radiation, whereas Bohr’s 
theory would seem to require that this should be true only of a limited 
class of orbits. It may be, however, that motions in other than Bohr’s 
* stable orbits are prohibited by some other consequence of the theory. 
Professor Bateman has not yet calculated the electromagnetic mass of 
his electron. The results of this computation will be awaited with 
interest, for one of the great achievements of classical electromagnetism 
is the beautiful explanation of inertia which Lorentz’s theory affords, 
and it will add greatly to the plausibility of Professor Bateman’s 
theory if he is able to interpret mass on electromagnetic grounds. 

The last of the four papers is on the Trouton-Noble experiment. 
Professor Kennard gives a careful discussion of the experiment itself 
and of its theory. The author’s suggestion that this experiment would 
bear repetition is, however, of doubtful merit; for the special relativity 
is so firmly intrenched today that it would seem unnecessary to plan 


further delicate experimental tests of its validity. 
LeicH Pace 





SPECTRAL SERIES OF DIVALENT ELEMENTS 
By Raymonp T. BircEe 


INTRODUCTION 


In the case of the.divalent elements of the second column of the 
periodic table there occur two types of arc series, singlet series and 
triplet series. In the sixth column of the periodic table, oxygen, sul- 
phur, and selenium are known to have triplet series, while oxygen pos- 
sesses in addition so-called “‘singlet’”’ series. One of the lines of these 
latter series is however at least double, and Catalan’s recent work on 
chromium has suggested that the oxygen “‘singlet”’ series may actually 
be narrow triplets." 

Meanwhile Hopfield has photographed in the extreme ultraviolet a 
new set of triplets in oxygen,’ and a similar set in sulphur.’ Each of 
these sets of triplets has strictly constant frequency separations, so that 
all of the members of each set must be associated with the same triplet 
level. In the case of oxygen, the various differences in frequency be- 
tween the successive triplets are identical with the frequency differences 
between known oxygen singlet terms. Hopfield was therefore able to 
identify the various triplets and to compute, from each one, the 
wave numbers of the new triplet level. These values are » = 109834, 
109674, and 109607, and at the author’s suggestion this level was desig- 
nated Opie;. It is the valence level of oxygen,’ in agreement with 
Bohr’s theory, for the probable electronic arrangement in oxygen, as 
indicated in the preceding article by Brackett and Birge, is that of two 
2, electrons in the valence orbital group. Hence the valence level must 
correspond to a p term, rather than an s term. Moreover, since this is 
the first element in the sixth column of the periodic table for which a 
valence level has been found, there is no precedent as to whether the 
level should be single, double, or triple. Elements with one sub-two 
electron in the valence orbital group have a double valence level, those 


See page 166 of Fowler’s Report on Series in Line Spectra, and pp. 381-382 of Sommer- 
feld’s “Atombau”, English translation. 
? Physical Review 2/, p. 710; 1923. 
* Nature, 1/2, p. 437, 1923. 
‘Or better, the 109834 component is the valence level, while the other two components 
form metastable states, as in the case of thallium (see Mohler, Foote, and Ruark, Science 57, 
p. 475; 1923). 
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with two sub-one electrons a single level, while oxygen has two sub-two 
electrons in this group. 

The new level for oxygen is plotted on the triplet diagram of the pre- 
ceding article just mentioned, and as first noticed by Brackett, its 
position could well have been predicted. In fact, the diagonal from 5, 
Ca through 3. Mg gives a predicted value of 1.02, while the observed 
average denominator is 1.000. The mp sequence for oxygen therefore 
has the denominator values 1.000, 2.173, and 3.195, and thus shows a 
radical but not unprecedented deviation from Rydberg’s formula. 

The triplet diagram just mentioned indicates some interesting 
regularities in the deviations from Rydberg’s formula found in the 
various triplet series of the divalent elements. Thus if Rydberg’s 
formula were accurately true, any set of curves with the same azimuthal 
quant number would be parallel. If one was a straight line, the others 
would be parallel straight lines. But Rydberg’s formula is not ac- 
curate, and the sets of straight lines, such as the sub-one triplet curves 
from Ca to Sr, are not accurately parallel. On the triplet diagram a 
number of diagonals (i.e. straight lines running downward from right to 
left) have been drawn. If Rydberg’s formula were true, these diagonals, 
when drawn through the experimental points, would be straight lines 
between the same abscissae limits that the quantum curves are linear. 
But with the actual deviations from Rydberg’s formula, it does not 
necessarily follow that these diagonals will be linear, if the curves 
are linear. In many instances however, it will be noted that this is 
actually the case. Thus the fact that the various quantum curves, while 
not parallel, are still linear within certain abscissae limits, indicates a 
certain regularity in the deviation from Rydberg’s formula, for the 
elements between these limits. The ability to draw linear diagonals 
through the experimental points indicates a second and interrelated 
regularity. As may be noted from the triplet diagram, all of the oxygen 
levels fit with fair accuracy into the system of linear curves and diag- 
onals, and hence the deviations from the Rydberg formula exhibited 
by the oxygen sequences are consistent with those of the adjoining ele- 
ments of the diagram. , 


THE SPECTRAL SERIES OF THE OXYGEN GROUP 


As just noted, linear diagonals and linear quantum curves, in the 
diagrams of the preceding article, frequently pass through all of the 
experimental points, within certain abscissae limits. In cases where the 
spectroscopic terms have not been experimentally determined, the 
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diagonals and curves frequently intersect at an integral abscissa value. 
In such cases there seems some justification for using the point of inter- 
section as a predicted value for the unknown term. This has been done 
in the case of sulphur, for which the spectroscopic data, as given in 
Fowler’s Report, are very incomplete. On the triplet diagram the 
denominator values were predicted as follows,—-is=1.90+0.02,5 
2s =2.92+0.02, 35=3.94+0.02, O0p=1.16+0.02. The known 1p 
term (2.336) lies 0.04 above the intersecting diagonal and curve, while 
the 2p term does not havea properly intersecting diagonal and curve.® 
Hence predictions in this sequence are very uncertain. As noted in the 
preceding article, the singlet diagram, with the exception of the sub one 
curves, is very irregular, so that all predicted values are subject to much 
uncertainty. However 1S has a properly intersecting diagonal, giving 
a predicted value of 1.98 + 0.02. 

Meanwhile Hopfield, independent of these predictions, had obtained 
seven new sulphur triplets, as mentioned. Two of these could be 
positively identified as follows. The lowest frequency triplet in oxygen 
had been noted by Hopfield to have the lowest frequency component 
missing. He thought this might be due to the presence of an absorption 
band, but now the lowest frequency triplet in sulphur showed the 
same phenomenon. Moreover the two lowest frequency triplets 
in sulphur had analogous frequencies and intensities to those in oxygen. 
These latter were known to be 0p—15S, and 0/—1s, and hence these 
two sulphur triplets were identified by Hopfield, the 0p—1s “‘triplet’”’ 
having the missing component. 

It was then noticed by the author that 1s for sulphur (as well as 2p) 
was known from Meissner’s’ measurement of the near infrared triplet, 
the frequency values thus computed being 1s =30,936.9 (denominator 
1.882), 2p=9,639.9, 9,645.9, and 9,649.5 (average denominator 
3.371). This allows the accurate computation of the 0 triplet level 
of sulphur, the frequencies being vy = 83554, 83156, and 82982 (average 
denominator 1.148). From this the 1S level is computed 28229 (de- 
nominator 1.972). Thus the observed values.for the 1s, 1S, and 
0p levels were found to agree, within limits of error, with the predicted 
values. - 

The remaining five sulphur triplets found by Hopfield are associated 
with levels having the denominators 2.647, 2.864, 3.797, 2.998, and 

§0.02=one mm on the original 50 x 40 cm plot. 


* The corresponding oxygen sequence exhibits similar irregularities. 
7 Ann. d. Physik 50, p. 713; 1916. 
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4.006. The first three triplets are the strongest and the levels were 
designated by Hopfield as 1D,* 2S and 3S. The singlet diagram 
indicates however that it is more probable that 2S = 2.998, 3S = 4.006, 
the exact frequencies being v=12,204 and 6,835. This gives an mS 
sequence in sulphur of 1.972, 2.998, and 4.006, showing a strictly 
analogous deviation from Rydberg’s formula to that of the correspond- 
ing oxygen sequence 1.822, 2.838, and 3.843. In addition, the intensities 
of the terms of the two series, as shown by Hopfield’s spectrograms, 
decrease in a smilar manner. All of these sulphur terms are indicated 
on the diagrams, as well as 1D at 2.647 (v=15,665). An extrapolation 
of the known md sequence from 3d, indicates that this might well be 
the 1d level. But in oxygen the 1D and 1d levels have almost the same 
denominator value, but the triplet associated with 1D is much stronger. 
Hence in sulphur, since one of these levels seems missing, it is probably 
the 1d, rather than 1D. The other two sulphur triplets are quite 
strong, but according to the diagrams cannot be identified with any 
of the usual series levels. 

Let us now return to a consideration of the lowest frequency triplet, 
in oxygen and in sulphur, labelled as 0p—1s and having one com- 
ponent missing. In oxygen the 1s—mp series is well known, each 
member being a triplet. Since on Sommerfeld’s theory® the inner 
quant number (j) remains constant throughout any spectral sequence, 
it follows that 0p—1s must also be a triplet. Since it is not, and 
since the 1s portion of the designation can be positively identified, the 
conclusion seems inevitable that 0p is not the proper designation of 
the other portion. As already indicated, it is quite probable that the 
so-called singlet series of oxygen are really triplets. Let us therefore 
assume that the new triplet level in oxygen and in sulphur is OP, 
instead of 0p. Using Sommerfeld’s inner quant numbers for the 
Ca and Zn groups, j = +1 for ms, while 7 =0 for mS. Since the 0P —1S 
triplet occurs, the selective principle leads to 7 = —1, 0, and +1, for 
OP 23. By giving the highest frequency component the value j = +1, 
the missing component of the 0P —1s triplet corresponds to the transi- 
tion 7=+1 to —1,.and hence is forbidden by the selective principle. 

By this method of assignment, the inner quant numbers for 0? 
run in the reverse direction from that of all ordinary triplet levels. 
But Hopfield’s new triplets are also different from all ordinary series 

8 The revised nomenclature for the D and d sequences is used. See Table 1 of preceding 


article by Brackett and Birge. . 
* Atombau, English translation p. 364. 
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triplets,’° in that the highest frequency component of the triplets 
(and of the OP level) is the strongest, and the larger separation is that 
between the two higher frequency components. Such relations, so 
far as I know, occur only in the triplet levels that can be computed 
from Catalan’s newly discovered complexes in Cr and Mn, and here 
also, according to Sommerfeld," the inner quant numbers run in the 
reverse direction. 

In further analogy with chromium, which occurs in the same column 
of the periodic table, it is probable that the inner quant numbers just 
used for oxygen and sulphur should be raised by two units, thus 
giving by Sommerfeld’s theory, a singlet S term (j7=2), a triplet P 
term (j=1, 2, 3) and a quintuplet D term (j=0, 1, 2, 3, 4). The 
0P—1D triplet in sulphur therefore has a higher complexity, but the 
five D levels are too close to separate. Similarly in oxygen the so-called 
“singlet” 1S—mP and 1P—wmS series are presumably triple, while the 
1P —mD series has a higher complexity. 

In examining the sulphur spectrum, by means of the singlet and 
triplet diagrams, it was noted that most of the possible predicted series 
lines would lie in the infra-red or in the ultra-violet. One exception 
was the 1S—2P line, which was predicted to occur at 45240+50A. 
But at 45278 there is an unclassified “narrow” triplet. In selenium 
the corresponding observed triplet occurs at 45369 (see p. 170-171 
of Fowler’s Report). It thus seems likely that this identification is 
correct, and if so, it forms additional evidence for the triplet character 
of the mP sequence. In fact it was this identification that first sug- 
gested to me the idea. This new 2P level has the denominator 3.435, 
and is plotted on the singlet diagram. As in the case of the OP level, 
the strongest component of the 2P level is that of highest frequency 
value, but the frequency separations are reversed in magnitude. How- 
ever, in selenium, the ratio of the separations is almost unity, and so it 
is questionable if any rule holds for this feature. In order that oxygen 
may have a similar mP sequence, it is necessary that the \6046.348 
line be double, with Av about 0.25, and that \6046.120 be the strongest 
line of the three. (See page 166 of Fowler’s Report). 

In the case of selenium, only a few triplet terms are known. By 
means of the triplet and singlet diagrams, the following predictions 
may be made,—0P = 1.14 (valence orbit), 1s =1.88, 2s = 2.90, 1S =1.94. 

© As noted by Prof. Saunders, at Washington, April, 1923. 


" Ann. d. Physik 70, p. 32, 1923. The Mn levels had been computed and assigned inner 
quant numbers independently by the author. 
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As in the case of sulphur, the known 1) term lies above the intersection, 
while 2p does not have a good intersection.” The 1S term also does 
not agree well with the 45369 identification (0.04 error in the denomin- 
ator), and it seems as though the regularities found in oxygen gradually 
disappear, with increasing atomic number. The triplets predicted in 
selenium lie in the region where McLennan™ has found a number of 
lines. According to Hopfield, some of these lines appear to be due to 
sulphur while no selenium triplets of equal frequency separations can 
be found among the published wave-lengths. Tellurium does not have 
arc lines at the possible predicted positions, indicating again that the 
method of prediction here employed seems to become more uncertain 
as one passes to the more complex atoms of high atomic weight. 


POSSIBLE IDENTITY OF CERTAIN “SINGLET”? AND TRIPLET 
LEVELS 


According to the assignment of quantum numbers adopted in the 
preceding article by Brackett and the author, it appears that each 
possible form of orbit is in general actually represented in each atom, 
as a virtual orbit, as a valence orbit, or as an X-ray orbit. Many of 
the spectral terms corresponding to the various orbits are not actually 


known, but the reason for this non-appearance is usually purely an 
experimental one. Most of them are either too faint or lie in hitherto 
unexplored spectral regions. One striking exception to this principle 
is the non-appearance of the 0s terms of Mg, Ca, Zn, Sr, Cd, and Ba. 
The ms sequenec of these elements is known down to 1s, and shows 
such a regular deviation from Rydberg’s formula that it would seem 
as if an extrapolation to Os could be made with some confidence. 
In fact, in the ms sequence of the alkalies, as well as in the above 
named elements, the denominators show an increase in deviation 
from Rydberg’s formula of the first term (1s or 1¢) over the second 
term (2s or 2c) which is almost exactly three times as great as that 
of the second term over the third. For the alkalies this in turn is less 
than three times as great as the increase of the third over the fourth. 
But in the alkalies the 1¢ term is the valence orbit and thus is un- 
questionably the first term of the sequence. Let us assume then that 
the Os term of the Ca and Zn groups will show an increased deviation 


2 On the triplet diagram, the 5, (1p) and 6, (2) curves are drawn as linear from Ca to 
Se, but in order to show the correspondence with sulphur, and with the above remarks, they 
should have been drawn as linear from Zn to Sr. 

8 Proc. Roy. Soc. A 98, p. 95, 1920. 
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from Rydberg’s formula three times as great as the increase of the 
is over the 2s term. Such a calculation leads to values of the denomin- 
ators of the Os terms which are smaller than the observed values of 
1S (the valence level) by the amounts shown in the second column of 
the Table, headed “‘Extrapolation.”” But certain empirical rules for 
extrapolating to Os the curves of the triplet diagram lead to values 
lower than 1S by the amounts shown in the last column of the Table. 
These amounts are so small that it may well be the case that Os and 
1S are really identical in energy value. This would explain the apparent 
absence of the Os level. 


| 
Element Extrapolation 





Ca 
Zn 
Sr 

Cd 
Ba 


0.132 0.035 
0.064 
0.115 0.030 
0.052 
0.117 0.005 


Mg 0.114 0.010 
| 
! 





The extrapolation is based on the approximate intersection of 
diagonals and quantum curves at integral abscissae values, as pre- 
viously noted, and may be illustrated on the triplet diagram as follows. 
Draw a straight diagonal from 10, Sr (6.610) through 8, Zn (5.271). 
It cuts x=6 at 4.6015. Draw a straight curve from 7; Sr (3.590) 
through 7, Zn (4.268). It cuts x =6 at 4.607, almost the identical point 
cut by the diagonal. Or, stated in another way, the diagonal and 
curve intersect at x=6.014, very close to the integral value of 6. 
Let us assume that the diagonal and curve do intersect at the integral 
value of x. 

Draw a straight diagonal from 8, Sr (4.605) through 6, Zn (3.258) 
to cut x=6 at 2.5845. From this point draw a straight curve through 
5; Zn (2.228) locating 5; Sr at 1.515,—the missing 0s term of Sr. The 
observed 1S term of Sr is 1.545. On the triplet diagram the points 
indicated by triangles represent the 1S terms of the elements of the 
Table above, taken from the singlet diagram, while the curves passing 
close to these points have been drawn according to the above rule. 
The actual discrepancies are given in the third column of the Table, 
and the curves are drawn to correspond to these analytic results. 
It is not possible to draw them directly, with sufficient accuracy. 
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It is not claimed that this is in any sense a proof of the numerical 
identity of Os and 1S. We merely point out that it is strange that the 
Qs terms do not appear, and that by using graphical methods which 
lead to a fairly accurate prediction of levels actually known (thus 
checking the method) we obtain a far closer numerical agreement 
of the Os and 1S levels than is obtained by an apparently logical 
extrapolation of the ms sequence to 0s. Zn and Cd are too close to the 
breaks between homologous groups (at Ca and Sr) to use this rule. 
But straight lines drawn through the transferred 1S points lead 
smoothly into the known X-ray levels. The extrapolation of ms for 
these elements also agrees quite closely with 1S, as indicated in the 
Table. The Mg point is located merely by the straight line from x =0, 
y =3, through 1.743 oxygen. 

In addition to the possible numerical identity of the Os and 18 
levels, for the Ca and Zn groups, the previous discussion of the oxygen 
group series indicates a similar identity in the case of the 0p and OP 
levels. For the 0 level in oxygen and in sulphur was predicted from the 
triplet diagram, and was found to agree accurately with Hopfield’s 
new data, but a consideration of the inner quant numbers indicated it 
to be actually the OP level. Hence the non-appearance of the 0p 
level may be due to this numerical identity. Accordingly these new 
levels are indicated as observed points (circles) on the singlet diagram, 
and by triangles on the triplet diagram. In a similar way the 0P 
level predicted for selenium on the singlet diagram has actually been 
obtained from the triplet diagram. 

In the case of Os and 15S, each level is single, and while the two have 
different inner quant numbers, it is possible for them to have identical 
frequency values. But in the case of 0p and OP, while each must be a 
triple level, they could not have the same set of inner quant numbers, 
as just shown, and moreover these sets of numbers would run in op- 


posite directions, in keeping with the differing frequency separations 


of the two types of triplet. Hence there cannot be a numerical identity 
between each of the three components of the two levels, 0p and OP, 
but only an average identity. Or, in terms of atomic structure, we may 
say that for the oxygen group, the 0p condition of the atom does not 
occur, because another condition (OP) corresponding to the same energy 
value, and hence stability, is for some as yet unknown reason a more 
probable condition. A similar statement would then apply to Os and 15, 
in the Ca and Zn groups. 
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In every case the numerical identity occurs at the valence level, and 
if true, indicates an interesting history for any quantum orbit. As a 
virtual orbit it may exist in two possible states, corresponding to the 
“singlet” and triplet terms. As the orbit, with increasing atomic weight, 
approaches the condition of a valence orbit, the two possible states 
fuse into one. In the X-ray region the orbit again may exist in two 
states, forming the so-called relativity doublets, according to the Bohr 
and Coster assignment, as discussed in the preceding article. 


BERYLLIUM AND HELIUM SERIES 


Paschen and Gétze™ have identified several beryllium triplets and 
singlets, by the Zeeman patterns. The data are not sufficient to cal- 
culate any of the terms, but if the value of any one term is assumed, that 
for all other terms can be calculated. The following term values (using 
Fowler’s notation,—not Paschen-Gétze’s) are plotted on the diagrams 
of the preceding article, and are in fairly good agreement with the 
extrapolated curves,—1S(=0s)=1.17, 1P=1.715, 2S=2.133, 1is= 
2.218, 1p =1.447, 1d =2.98 (assumed). If the 1s and 2S designations 
were interchanged this outstanding disagreement with the curves would 
be removed. The interchange would presumably not affect the Zeeman 
pattern, but does lead to inconsistencies as to the observed and un- 
observed lines. The original designations are therefore probably 
correct. 

It is not however unreasonable to suppose that the singlet and triplet 
curves, extrapolated linearly to x =0, do not actually give correct values 
for the intervening elements, Be and He. Even on the doublet dia- 
gram, the lithium points are not on the curves extrapolated back from 
sodium. Helium is a very exceptional element. It has a doublet series 
which the Zeeman pattern shows to be two closely adjacent singlet 
series,“ and another singlet series. With the exception of the hydrogen- 
like terms, the known terms of helium do not fit into these diagrams. 


CONCLUSION 


The preceding paper by Brackett and the author has indicated the 
usefulness of the diagrams there shown in assigning quantum numbers 
to the various electronic orbits, according to Bohr’s theory of atomic 
structure. In the present paper it has been indicated, in more detail, 
how such diagrams can be used for the correlation of known spectro- 


4 “Seriengesetze der Linienspektren,” p. 71. 
* “Atombau,” English translation, p. 382. 
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scopic data, and for the prediction of new spectral terms, practically 
independent of any particular theory of atomic structure. 


SUMMARY 


1. A new series of triplets found by Hopfield in oxygen and in sul- 
phur had lead to the establishment of a new triple energy level for these 
elements. The diagrams of the preceding article by Brackett and Birge 
lead to the identification of this level as 0p, the valence level. 

2. The diagrams just mentioned indicate that the deviations from 
Rydberg’s formula found in the same type of sequence of related ele- 
ments are interrelated and exhibit a two-fold regularity. These regu- 
larities result in the possibility of predicting, from the diagrams, the 
approximate values of various as yet unknown spectral terms. 

3. Such predictions have been made for five sulphur levels, while 
Hopfield, independently, has obtained three of the five levels, and his 
experimental values agree within limits of error with the predicted 
values. 

4. Of the seven sulphur triplets found by Hopfield, three were 
definitely identified by him, two others can be identified by means of the 
diagrams, while two remain unidentified. 

5. The absence of one component in one of Hopfield’s triplets, in 
oxygen and in sulphur, has lead to a probable assignment of inner quant 
numbers for all of the levels in these elements. The assignment is the 
same as that of Sommerfeld for chromium, (a singlet S term, triplet P 
term, and quintuplet D term), and leads also to the identification of the 
triple valence level as OP, instead of 0p. The so-called “singlet” 
series of oxygen are therefore probably narrow triplets. 

6. A hitherto unassigned narrow triplet in sulphur and in selenium 
has been identified as 1S—2P, one of the members of the new triplet 
series. 

7. Possible predictions of energy levels in selenium cannot be 
checked with the very incomplete data now available. In tellurium 
there are no known arc lines in the region considered. 

8. Anempirical method for extrapolating the curves of the diagrams 
leads to the conclusion that the missing 0s level of the triplet diagram, 
in the case of the Ca and Zn groups, is probably numerically identical 
with the 15 valence level of the singlet diagram. The two levels have 
however different inner quant numbers. Similarly, it seems probable 
that the missing 0p triplet level of the triplet diagram has an average 
numerical value equal to that of the new OP triplet valence level, in 
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the case of the oxygen group. Here the inner quant numbers for the two 
triplet levels are not only different, but run in opposite directions. 

9. The above identities lead to the conclusion that any given type 
of quantum orbit can exist in two possible states as a virtual orbit, or as 
an X-ray orbit, but in only one possible state, as a valence orbit. 

10. Anumber of beryllium terms have been plotted on the diagrams, 
by assuming the value of one of the terms, and using Paschen and 
Gétze’s identification of various beryllium lines. The agreement with 
the curves of the diagrams is only fair, and the cause of the discrep- 
ancies, as well as those shown by certain helium terms, is briefly 
considered. 

PuysicAL LABORATORY, 


UNIVERSITY OF CALIFORNIA, 
SEPTEMBER, 1923. 


The Electron in Chemistry.—By Sir J. J. Thomson, O. M., F.R.S., 

144 pp. The Franklin Institute, Philadelphia. Price $1.75. 

This volume puts in book form the substance of five lectures delivered 
at the Franklin Institute, Philadelphia, in April, 1923. Although the 
title of the book suggests that the subject is approached from the stand- 
point of the chemist, yet the physicist will be equally interested, for, 
as is pointed out in the preface, the penetration of physics into the 
interior of the atom during the past quarter century has broken down 
the dividing line between the two sciences, so far as atomic and molec- 
ular phenomena are concerned. The vast amount of information 
accumulated by chemists with regard to combinations of atoms, 
supplemented by the developments of “the newer physics,’ should 
prove “an unrivalled means of testing the truth of any conclusion 
to which theory may lead.” 

The book is in large part an elaboration of the consequences involved 
in discarding the simple inverse square law, which fails to give static 
equilibrium to electrically neutral combinations of nucleii and electrons, 
and substituting therefor the law, 


for the force between a positive charge E on the core of the atom, and 
the charge e on an electron, distant r from each other. c is a constant 
varying from one atom to another and is the distance at which the usual 
attraction changes to repulsion. Assuming a nuclear charge +ne, 
the author discusses the relative values of c, and r, together with the 
configuration of the electrons necessary to give static equilibrium for 
various values of m, and determines the potential energies involved. 
These results are then applied to a great variety of phenomena, such 
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as, to mention only a few: size of atoms; specific inductive capacity 
of gases; combinations of atoms of the same and of different kinds to 
form molecules; constitution of chlorides, carbonates, etc.; electrolytic 
dissociation; the mechanism of chemical combination; active molecules; 
production of light by chemical change; para- and diamagnetism; elec- 
tron theory of solids; vibration of electrons in crystals; compressibility 
of crystals; surface tension, etc. 

Some very striking conclusions are reached. Thus the sizes of atoms 
show a periodicity in entire agreement with W. L. Bragg’s data for 
atomic radii. A computation of the maximum of the selective photo- 
electric effect in the alkali metals gives results in close agreement with 
experiment. The computed compressibility of, for example, the alkali 
metals agrees with observed values to within a few per cent. The 
computed surface tension of molten sodium is 432 ergs/cm*. The 
observed value is around 500. 

Altogether, the book is not only very instructive for those who wish 
to read it for the information which it contains, but particularly will 
it be inspiring to those whose interest in this fascinating field leads to 
experimental investigation, to test the results of the numerous sugges- 
tions and postulates. 

F. K. Ricutmyer 
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REGULARITIES IN THE ARC SPECTRUM OF IRON* 
By F. M. Watters, Jr. 
INTRODUCTION 


The metals of the eighth group are unique in that they consist of 
three groups of three elements each of nearly equal weight and of 
similar physical and chemical properties. Each of these elements is 
characterized by a relatively complex arc spectrum and until recently 
no spectral regularities had been discovered corresponding to those 
found for other elements. The work of Bohr, Sommerfeld, and others 
makes it appear probable that a knowledge of the spectral regularities 
of these elements would lead to valuable information in regard to their 
atomic structure. An analysis of the spectrum of the iron arc has 
been in progress in the spectroscopy section of the Bureau of Standards 
during the past year and preliminary results were announced! last 
July. In the present paper a more complete classification of the 
spectrum is given. 

Of the metals of the eighth group, iron appears to be best suited for 
the study of spectral regularities. Although it is one of the most 
complex spectra (more than 4000 lines have been ascribed to iron), yet 
the wave lengths of many of its lines have been measured with a high 
degree of accuracy over a wide spectral range. Moreover, the behaviour 
of many of its lines in the magnetic field, and under pressure have been 
observed, and a fairly complete temperature classification has been 
made from the spectra produced in the electric furnace at various 
temperatures. 


THEORETICAL CONSIDERATIONS? 


Polyfold levels consisting of a number of related levels having usually 
nearly the same energy values and the same total and azimuthal quan- 
tum numbers, differ from each other in that they possess different 
inner quantum numbers (the empirical manifestation of some physical 
difference). If 7 and j’ are the inner quantum numbers for two sets 
of multiple levels, then lines result from the combination of these 


* Published by permission of the Director of the Bureau of Standards of the U. S. Depart- 
ment of Commerce. 
' Journal of the Washington Academy of Sciences, 13, p. 243; 1923. 
See Sommerfeld—Atomic Structure and Spectral Lines, 3rd_edition; Chapter VI. 
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levels when j =n goes into j’=n+1, n,orn—1. The exception, that 
the transition 7 = 0 to 7’ =0 does not give a line makes it possible in some 
instances to assign absolute values to the inner quantum numbers, 
where otherwise they would be arbitrary and might differ from the 
actual values by a constant. 

In the simpler spectra, it has been observed that the S levels are 
always simple and that the higher levels are more or less complex. 
The following scheme shows the arrangement of inner quantum numbers 
for “permanent multiplicities” for levels of odd multiplicity * 


Single 3-fold 5-fold 
S 0 1 2 
ag 1 210 321 
D 2 321 43210 
F 3 432 54321 
X 4 543 65432 


For example, if a five-fold level is found for which the inner quantum 
numbers are 4, 3, 2, 1, 0; it is assumed that this is a D level, that the 
P level associated with it is three-fold, and that the F, X, and higher 
levels are all five-fold. 
DATA 

The wave lengths used in this investigation are taken principally 
from the work of Burns,‘ supplemented in the ultra-violet by those of 
Schumacher® and in the infra-red by those of Meggers and Kiess.*‘ 
The wave lengths were reduced to vacuum by the tables of Meggers 
and Peters,’ and were converted to waves per centimeter. The tempera- 
ture classification from the behaviour in the electric furnace is due to 
King.* The data for pressure shift are taken from a paper by St. John 
and Babcock,’ though the classification is largely that of Gale and 
Adams.’° Data for the Zeeman effect have been published by King." 


NOTATION 


It was felt that the relative incompleteness of the results thus far 
obtained from iron did not justify definitely assigning to the polyfold 


* Annalen der Physik; [IV] 70, pp. 32-62; 1923. 

* Lick Obs. Bull. No. 247, 8; 1913. 

* Zeits fiir wiss. Phot., 19, p. 149; 1919. 

* Bull. Bureau of Standards, 14, p. 637; 1918. 

7 Bull. Bureau of Standards, 14; p. 697; 1918. 

® Astrophysical Journal, 37, p. 239; 1913. Astrophysical Journal, 56, p. 351; 1922. 
* Astrophysical Journal, 53, pp. 260-299; 1921. 

© Astrophysical Journal, 35, p. 10; 1912; 37, p. 391; 1913. 

" Papers Mt. Wilson Solar Obs., 2; 1912. 
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levels the P and D designations, however clearly these might be indicated 
insome instances. Hence a temporary notation was adopted, according 
to which the polyfold levels are assigned capital letters in alphabetical 
order, beginning with the lowest level. The individual levels of a 
polyfold level are shown by subscripts which give the inner quantum 
number. Thus, A-F indicates the multiplet resulting from the combina- 
tion of the polyfold levels A and F, while A,F; indicates a particular 
line of this multiplet. 
ASSIGNMENT OF INNER QUANTUM NUMBERS 

The absolute value of the inner quantum numbers assigned to the 
multiplets rests on the multiplets A-F, A-Q and F-T, from each of which 
a line is missing, the absence of which is best explained by the for- 
bidden transition 7) +j'o. 

RESULTS 

The multiplets which have been found are given in Table 1. The 
discussion will be found following the table. The capital letters at the 
top and left of the multiplets give the levels to which they belong, the 
subscripts indicating the inner quantum numbers. The numbers 
between the capital letters give the separations between the sublevels 
and between the wave numbers of the multiplets. The lowest number 
shows the wave number of the line in the multiplet; the middle, the 
wave length; while in the top row, the first number shows the intensity 
on a scale of 10), the accompanying letter the characteristics of the 
line, the Roman numeral and accompanying capital letter the tempera- 
ture classification and the small letter and subscript the behaviour 
under pressure. 


TABLE 1 
E; Fy Ey 
155.50 107 .10 
3-LA-a 
A; 5168 .904 
19341 .08 
288.10 
a 2-1A 2-IA-a 
Ay 5247 .052 5204.585 
19053 .02 19208 .49 
184.12 
2-1A- 2-IA- 
A 5254 .956 5225 .533 
19024 .37 19131.48 
89.90 
1-IA- 
§250.212 


As 19041 .55 
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Fy, F; F; ‘ Fy 
240.20 199.53 
7R-I- 6R-IA- 
3859 .913 3824.444 
25900 .00 26140.19 


6R-IB-a, 7R-IB-a, 6R-IA-a, 
3922 .917 3886 . 287 3856 . 373 
25484 .03 25724.24 25923 .77 


7R-IB-a; 6r-1B-a, 
3930 .304 3899 .711 
25436 .14 25635 .67 


6r-IB-a, 5r- 57-IB-a; 
A, 3927 .925 7 3895 .659 
25451.45 25591 . 23 25662 .35 

89.90 


Ao 3920 .261 
25501 .35 


G; ; Gs 
292.30 227 .87 164.89 
8R-I-a, 3-LA- 
3719 .938 3679 .915 3649 . 308 
26874 .53 27166. 82 27394 .67 


7R-I-a; 6R-I-a; 4-1A- 
3737 .135 3705 . 567 3683 .056 
26750 . 88* 26978 .76 27143 .66 


7R-I-a, 6R-1A-a, 3u-l- 

A; 3745 .563 3722.565 3707 .828 
26690 .69 26855 .57 26962 .32 

.14 
6R-I-a, 6R-1A-a, 
A, 3748 .264 3733 .319 
26671 .45 26778 .22 

89.90 
6R-IA-a, 
Ao 3745 .900 
26688 . 29 
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H; He A, 
412.68 263 .69 
7R-I-- 
Ag 3440.614 
29056 .29 
415.95 
6R-I- 6R-I-- 
A; 3490 .577 3440 .992 
28640 .40 29053 .08 
288.10 
2-I-- 6R-I-- 6R-I-- 
A; 3526 .069 3475 .454 3443 .883 
28352 .34 28765 .00 29028 .70 
184.14 
4 5r-I- 6R-I-- 
A, 3497 .842 3465 .864 
28580 .90 28844 .59 
8&9 90 
5r-I-- 
Ao 3476.705 
° 28754.66 
Ik I; I; 
497 .80 328.91 
4-IA- 2-III- 
Ag 3193 .214 3143 .242 
31307 .39 31805 .11 
415.96 
5-IA- 4-IA- 1- 
As 3236.231 3184.903 3151. 867 
30891 .25 31389 .07 31718 .07 
288.10 
2r-LA- 4-IIA- 
A; s+ 2 3180.764 
31101 .02 31429 .94 
184.12 
o6-II- 
A; 3199 .526 
31245 .62 
Js Js J 
411.20 294.43 
6r-I- 4r-I- 
Ag 3020 .643 2983 .571 
33095 .93* 33507 .13 
415.96 
5r-I- 6R-I- 6R-I- 
Ay 3059 .090 3021 .076 2994 .434 
32679 .98 33091 .18 33385 .54 
288.10 
or-I- 5r-II 
A; 3047 .608 3020 .495 
32803 .10 33097 .53 
184.14 
5r-I- 
Ay 3037 .392 





32913 .43 





F. M. WALTERS, Jr. [J.0.S.A. & R.S.1., 8 


Ks K, Ks; K; K, 
344.13 289 24 144.93 
6R-II- 7r-I- 8-I- 
2966 .902 2936 .903 2912.161 
33695 . 39 34039 .53 34328 .72 


4r-I- 5r-I- 7-I- 
2973 .236 2947 .876 2929 .006 
33623 .60 33912 .84 34131.31 


4r-I- Sr-II 8-I 
2973 .137 2953 .943 2941 343 
33624 .72 33843 .18 33988 . 12 


4r-I- 5r-II- 
2970. 107 2957 .370 
33659 .02 33803 . 96 
89.90 
5r-II- 
Ae 2965 .258 
33714 .06 
K’: § K's 
104.50 
4r-I 
As 2981 .448 
33531 .00 
288.10 
4r-I 4r-I 
3007 .284 3000 .951 
33242.94 33313 .12 


5r-IA 5r-1A 5¢-I 
3024 .035 3017 .630 3008 . 142 
33058 .78 33128 .96 33233 .46 


Sr-I 
3025 .846 
33039 .01 


Ls ly L; 
474 90 354.28 
7-I- 4+I- 2-III 
Ay 2874.176 2835 .455 2807 .244 
34782 .39 35257 .36 35611 .64 
415.96 
6-I- 4-II 2-IV- 
A; 2869 .313 2840 .422 2820 .807 
34841 .34 35195 .70 35440 43 


5-I- 2- 
2863 . 866 2843 .928 
34907 .60 35152 . 30 


4II- 
2858. 898 
34968 . 25 





Feb., 1924] REGULARITIES IN THE IRON SPECTRUM 


M; M, M; 
388 . 36 311.70 
4-II 2-III 
Ag 2825 .687 2795 .008 
35379 .23 35767 .55 (36079 . 37) 
415.96 
4-IIT 
As 2827 . 894 
35351 .61 (35663 .41) 


(35375 .31) 


N, N3 N; 
476.58 358 .40 
3-III- 

Ag 2690 .07 

(36686 . 18) 37162 .74 
415 96 

3- 
2756.270 
36270.21 (36746 .80) (37105 .20) 


4-III- 2-III- 
2742.021 2715 .326 
36458 . 68 36817 .09 


+. 
2728 .972 
36633 .01 


Os; O; O; 
390.57 251.99 
7r-II- 
2718 .037 
36766. 84 


6r-II 7r-I 
2750.145 2720.910 
36351 .00 36741 .54 


6-III 6r-II 6r-I1 
2772.112 2742 .408 2723 .582 
36062 .94 36453 .53 36705 .50 


5-I 6r-II 
2756 .332 2737.31 
36269 . 38 36521. 39 


8-II 
2744 .072 
36431 .44 





F. M. WALTERS, Jr. [J-0.S.A. & R.S.1., 8 


Ps P; P, 
502 .68 317.71 
3-III 
2618.72 
38175 .22 


3-III- 
2647 .562 
37759.37 (38262 .09) 


2-IILA- 2-IIIA 3-III 
2667 .91 2632 .59 2610.76 
37471 .39 37974 .09 38291 .61 


2-IILA- 2-1 
2645 .43 2623 .38 
37789 .80 38107 .40 


5-III 
2629.59 
38017 .42 


0 Qs ? Q1 
344.00 261 .49 173.16 
5r-II- 3b-II- 
2522.86 2501.14 
39625 .63 39969 .72 


6-III- 4r-II- 6b-II- 
2549 .616 2527 .44 2510.843 
39209 .92 39553 .82 39815 .25 


3-Ill- 6b-— 6b-II- 
2545 .987 2529. 143 2518.11 
39265 .71 39527 .20 39700 . 36 


6-ITI- 4-III- 
2540.97 2529.83 
39343 .20 39516 .46 


6 III- 
2535 .613 
39426. 34 





Feb., 1924] REGULARITIES IN THE [RON SPECTRUM 


R Rs R: 
247.73 175.94 

6-II 5-II 

2462.66 2447.72 

40594.21 40841.97 


4r-II 4-II 6-II 
2488.15 2472.910 2462 .20 
40178 . 37 40425 .96 40601 .78 


4r-II 4-II 5-II 
2490.65 2479.78 2472 .875 
40138 .04 40313 .98 40426 .53 


4r-II 6-II 
2491.16 2484.190 
40129 .83 40242 .42 


6b-II 
2489.75 
40152 .55 


Ss S¢ Ss S Si 
587 .57 432.12 260.93 
2- 4II 3- 
2329.60 2298.18 2275.98 
42912 .62 43499 .27 43923 .50 


3-IIl 4- 5- 
2320.33 2297 .78 2284 .06 
43084 .05 43506. 84 43768 .14 


5-III- 4-III- 3- 
2313 .07 2299 .22 2293 .83 
43219 27 43479 .79 43581 .76 


5-III- 2-II- 
2308 .99 2303 . 56 
43295 .62 43397 .67 


(43307 . 38) 








to 
nn 
— 


448.50 


168 .92 


Bs 


448 .50 


By 


B; 


Fy 
240.20 
10-IB-a, 
5269 .538 
18971 .72 


6-IB-a, 
5397 .135 
18523 .21 


4-IB-a; 
5501 . 471 
18171 .92 


Gs 
292.30 
4IB-a 
5012.073 
19946 .28 


3-IB-a 
5127 .364 
19497 .77 


F. M. WALTERS, JR. 


F; 
199.53 


7-IB-a; 
5328 .044 
18763 .41 


6-IB-a, 
5429 .701 
18412.11 


4-IB-a; 
5506 .785 
18154.40 


Gs 
227 .87 
3-1B-a 
4939 689 
20238 .55 


4-IB-a 
5051 .643 
19790 .04 


3-IB-a 
5142 .934 
19438 .75 


F; 
139.73 


7-1B ay 
5371 .496 
18611 .62 


6- IB-a, 
5446 .922 
18353 .90 


4-IB-a; 
5497 .521 
18184.98 


Gs 
164.89 


3-1B-a 
4994 133 
20017 .93 


4+IB-a 
5083 .344 
19666 .61 


4-IB-a 
5150.845 
19408 .90 





[J.0.S.A. & R.S.L., 8 


Fy Fy 
71.12 
6-1 B-a, 
5405 .780 
18493 .59 
6-1B-a, 6-1B-a, 
5455 .617 5434 .527 
18324. 66 18395 .76 
G; G; 
106.76 
3-IB-a 
5041 .079 
19831.51 
3-IB-a 3-IB-a 
5107 .454 5079 .742 
19573 .79 19680 .55 
3-IB-a 4-IB-a 
5151.916 5123 .727 


19404 . 86 19511 .63 














Feb., 1924] 


448 5 


257 


168 


448.5 


168 


z= 





REGULARITIES IN THE IRON SPECTRUM 


I, I; 
497 .80 
2-IA- 
4100.745 
24378 .96 
2-IA -a 1 
4177 .598 4092 .512 
23930 .47 24428 .00 
2-IB-a 2-1A- 
4239 .846 4152.176 


23579 .13 24076 .98 


23819. 30 


Nm 
uw 
mn 


I; 


328.91 


(24405 .93) 
I-IA-a 
4139 .934 
24148.18 


(23979 .29) 


JI, J; Js 
411.20 294.43 
8§R-II- 
3820 .430 
26167 .66* 
6r-IB-b, 8R-LI1-b, 
3887 .053 3825 .886 
25719 .16 26130.35 
4-IA-a 6r-II- 7R-II-b, 
3940 . 885 3878 .024 3834.227 
25367 .84 25779 .05 26073 .50 
5-IB-a 6r-II- 
3917 .185 3872 .506 
25521.31 25815.77 
4-IB- 
3898 .013 


25646. 86 








256 


Ks 
344.13 
OR-II-b; 
By 3734.869* 
26767 .12 
448.50 
6r-II- 
B, 3798 .512 
26318 .65 
351.30 
B; 
257.72 
B, 
168 .92 
B, 
K's 
70.16 
6r-II 
B, 3812 .966 
26218 .89 
257.72 
5-II 
B; 3850 .820 
25961 .16 
168 .92 
1-III 
B, 3876.044 
25792 .20 
B, 
448.50 
B, 
351.30 
B; 
257.72 
B; 
168.92 
B, 


F. M. WALTERS, JR. 


354.28 


Ky, Ks; 
289.24 
6R-I-b, 
3687 .458 
27111.27 
8R-II-5, 6r-II-b; 
3749 .487 3709 .250 
26662 .76 26952 .00 
6r-II- 7R-II-b; 
3799 .548 3758 .234 
26311 .47 26600 .71 
6r-IT-b, 
3795 .004 
26342 .98 
K’; K’, 
104.50 
6R-II 
3840 .443 
26031 .30 
6r-II 6r-11 
3865 .526 3849 .970 
25862 . 38 25966 . 88 
Ls ly 
474.90 
4III- 
3589 .105 
27854 .17 (28329 .08) 
6R-I-b, 5-II- 
3647 .845 3585 .708 
27405 .65 27880 . 57 
6R-I-b; 
3631 .464 
27529 .29 


218.45 


[J.O.S.A. & R.S.L,8 


K, 


144.93 


6R-II1-b, 
3727 .622 
26819 .15 


6R-II-b; 
3763 .792 
26561 . 42 


OR-II-b; 


3887 . 880 
26392 .43 


Ly 


244.78 


2-IILA- 
3540.715 
28234.85 


6r-II- 
3585 .322 
27883 .56 


6R-I-b; 
3618 .769 
27625 .84 





K, 


37-1 A-b, 
3743 .356 
26706 . 35 


6R-II-}, 
3767 .194 
26537 . 43 


li 


4-IILA- 
3554.121 
28128 .34 


6r-II- 
3586 .989 
27870.61 


6R-I-b; 
3608 . 860 
27701 .70 








Feb., 1924] 


448 


By 


50 


& 9? 


B, 





REGULARITIES IN THE IRON SPECTRUM 


M; M, M; 
388 . 36 311.70 
5-Il 2-IIIA 
3513 .822 3466 .501 
28450 .93 28839 .29 
7R-I 5r-II- 4-IIIA 
3570. 102 3521. 264 3483 .012 
28002 .43 28390 .80 28702 .58 
6R-II- 5-II- 
3565 .383* 3526. 167 
28039 .50 28351 .32 
5r-II- 
3558 .522 
28093 .55 
N; Ns N: 
476.58 358 .40 
3-III-A 
3359 .496 
29757 .84 
1- 1b 1VA 
3410.905 3356 . 332 
29309 . 36 29785 .88 
4-Ill 1 1 
3452 .279 3396 . 386 3355 .517 
29958 .11 29434 .64 29793 .13 
4-IIIA 
3426 .393 
29176.87 (29535 . 36) 
2-IIIA 
3404. 301 
29366. 20 
O; Oz 0; 
390.57 251.99 
4-III- 
3401 .523 
29390 .18 
2-111A 3-I1LA 
3442 .676 3396 .982 
29038 . 87 29429 .48 
1 2-IILA- 2-II1A- 
3473 .497 3426 .994 3397 .642 
28781 .22 29171.76 29423 .76 
1- 1- 
3446 .966 3417 . 265 


29002 .73 


29254.81 








Nm 
ui 
io 2) 


168 


448 


i) 
nm 
~ 


168 


448 


351 


168 


B; 


92 


Bs 
50 
By 


30 


Bs 
92 


By 


P; 


502.68 


? 


3245 .984 
30798 .44 


30447 .29) 


16 
3311 .451 


30189 . 59 


F. M. 


P,; P, 


(30949 .97) 


2-1V- 1 
3257 .244 3223 .853 
30692 .00 31009 . 86 


Vs Vs Q2 
344.00 261.49 
5r-II 
3057 .451 
32697 . 50 
4r-I1 5r-L1 


3099 .968 
32249 .05 


5-111 
3134. 109 
31897 .78 


Rs 


4-1 
2969 .482 
33666 .09 


57 IlI- 
3009 .575 
33217 .63 


A4IIl- 
3041 .745 
32866. 33 


3067 .250 
32593 .04 


4r-I1 5r-Il 
3100 .668 3075 .725 
32241 .78 32503 .25 
6-111 4r-II 


3125 .663 
31983 .99 


3100. 305 


32245 .56 


5-1II 
3116 .632 
32076 .65 
Rs R, 
175.94 


5-III- 
2987 .293 
33465 .38 


5r-III- 4-IIl 
3018 .988 3003 .034 
33114.05 33289 .98 
5-III- 6-III- 
30426 .72 3026 .468 
32856 .20 33032 .22 
4-III 
3042 .025 
32863 . 30 


WALTERS, JR. 


(30841 .04) 





[J.0.S.A. & RSL, 8 


448 
rs 
?i Vo 
173.16 86.73 
1 
4r-1I 
3083 .745 


32418.71 


4r-II 

3099 . 898 

32249.79 
Ry 


4r-II1 
3091 .581 
32336 .56 


112.68 





2-Ill 
3016.179 
33144 .89 


5r-III 
3031.641 
32975 .86 
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351 30 


~ 
to 


157 


168 .92 


407 62 





REGULARITIES IN THE IRON SPECTRUM 259 
. .# Ss c. Si 
587 .57 423.12 260.93 101.90 
6-1lI 9-11] 


2778 .226 


35983 .75 


9-1] 
2813 .288 


35535 .15 


411.20 


(20534 .98) 


2733 .580 
36571 .25 


7-III 
2767 .518 
36122 .80 
?_ 


2794 .706 
35771 .41 


8-III 
2735 .480 
36545 .85 


5-Ill 
2762 .029 
36194 .59 


4111 
2742 .258 


36455 .53 


4-11 
2781 .840 
35936 .84 


5-III 4-IIl 
2761 .788 2754.032 
36197 .74 36299 .67 
4-Iil 4-III 
2774 .733 2766 .910 


36028 . 88 


I; 
328 .91 


36130 .74 


I, I; 
497 .80 
7-Ila 4-IlIl-a 
5171.601 5041.763 


19331.01 


2-1B-a, 
5332 .906 
18746 .32 


294.43 


(21530.86 


3-III- 
4772 .818 
20946 .14 


(20538. 58) 


19828 .82 


5-IB-d 
5194.950 
19244.14 
2-III-a 
5307 . 362 
18836 .53 


J; 


(21240.61) 


4. 
4798 .736 
20833 .01 


4-Il-a 
5107 .645 
19573 .05 


5-II-a 
5216.277 
19165 .43 





Ks 


344.13 


4-IB- 
4602 .946 
21719.14 


Ls 
474.90 
10R-I1-b, 
4383 .548 
22806. 18* 


F. M. WALTERS, JR 


Ky 
289.24 
5-IB-b; 
4531.155 
22063 . 26 


4-I1-b 
4654 .502 
21478 .56 


Ly 
354.28 
6-IB-b; 
4294 132 
23281 .05 


8r-II-d, 


4404 .752 
22696 . 40 


M; 


K; 


(22352.5 


4-IB- 
4592 .658 
21767 .80 


+. 
4680 . 302 
21360.18 


L; 
2 
.. 
4229 .752 


23635 .39 


5-IB-b; 
4337 .052 
23050 .64 


&r-I1-d, 
4415.127 
22643 .06 


M, 


388 . 36 


Sr-I1-b; 
4271.764 
23402 .96 


Ng 


7r-Il-by 
4202 .032 


23791 .23 
&r-I I-b; 


4307 .910 
23206 .58 


Ns; 


476.58 


SR-1I-d, 
4045 .822 
24709 .91* 


7-11-b, 
4143.874 
24125.21 


7r-II-b; 
3969 . 263 
25186 .48 


8R-II1-b; 
4063 .604 
24601 .78 


7-I1-b; 
4132 .064 
24194.19 


44 


8 


311.70 
4-IB-b 


4632 .919 
21578 .63 


[J.O.S.A. & RSL. 8 


K, 


2- 

4547 .027 

21986. 24 

3-III- 2- 

4602 .009 
21723 .57 


Ly 


1-IA- 
4291 .472 
23295 .48 


1-IA-a 
4367 .910 
22887 .83 


M; 


4147 .675 
24103.11 


8-I1-b 


4250.791 
23518 .41 


9r-I1-by 
4325 .770 
23110.76 


N; 


358 .40 


7b-II-by 
4005 .250 
24960. 20 


7r-II-b; 
4071 .748 


24552 .57 





407 62 


Cs 
407 62 


REGULARITIES IN 


0; 

390.57 
1-II1?- 
4032 .636 
24790 .69 


(24206 .00) 
2-V 
4200 .922 


23797 .62 


Py 


THE IRON SPECTRUM 


Or O; 
251.99 


1- 
4065 .402 
24596 .95 


3-1V 
4132.905 
24189 .26 (24440 94) 


P; P, 


502.68 


7R-I1-b, 
3815 .844 
26199 . 10* 


7r-1I-b; 
3902 .950 
25614.41 
5-II-b 
3966 .069 


25206 .78 


O4 


344.00 


(27647 .54) 


(27064 .86 


OR-I1-d, 
3827 .826 
26117 .10 


7b-II1-b, 
3888 .520 
25709 . 46 


OR-L- 
3841 .052 
26027 .17 


Qs Q» 
261.49 
2-IVA- 
3571 .228 
27993 .60 


3-IV- 
3647 .430 
27408 .77 


2-IVA- 
3612 .936 
27670.45 


1-IVA-e 
3702 .488 
27001 .21 


(27262 .73) (27435 .89) 





F. M. WALTERS, Jr. [J.0O.S.A. & R.S.L., 8 


Hy He Hy; 
412.68 263 .69 
7- 8- 
8688 .58 8387 .74 
11506 .20 11918 .88 


6- 3- &- 
8824.18 8514.01 8327 .04 
11329 .38 11742.12 12005 .77 


6- 7- 
8661.85 8468 .35 
11541.70 11805 .43 


Js Js J 
411.20 294.43 
5-ILI-b, 3-I11-b, 2-V 
6430 .859 6265 .145 6151.630 
15545 .73 15956 .92 16251 .35 


4+III- 3-III-b, 
6335 .341 6219 .290 
15780.11 16074.59 


3-III-b, 
6297 .803 
15874.16 
K’; c K’o 
70.16 


(16396. 76) 


1- 2- 
6163.560  6137.005 
16219.89  16290.09 


2- 3-III-b, 2-IlI 
6240 .652 6213 .440 6173 .346 
16019.54 16089 .74 16194.19 


0; Oz 0; 
390. 251.99 
5-IV-a 4-IV-b 
5202 .342 5098 . 706 
19216.76 19607 . 36 


3-IV- 3b- 3-IV-b 
5250 .650 5142 .540 5079 .228 
19039 .97 19430 .55 19682 .54 


4-IV-a 2---a 
5198 .717 5131.477 
19230.16 19482 .16 





Feb., 1924] REGULARITIES IN THE IRON SPECTRUM 


On Qs Q: Q: 
344.00 261.49 173.16 
7-II1-¢4 5-IT-c4 2-III-c« 
4528 .624 4459 128 4407 .716 
22075 .58 22419 .63 22681 .13 


5-II-c,4 5-ITT-c, 4-III-c, 
Dd. 4494571 4442 .349 4408 .420 
22242 .85 22504 .35 22677 .51 
200 . 38 
4-IB-a 5-II-¢,4 4-II-c, 
D 4482 .262 4447 .727 4430 .622 
22303 .92 22477 .09 22563 .88 


S4 S3 S: Si 
423.12 260 .93 
3-IV- 1-IVA- 5-III- 
3852 .577 3790 .759 3753 .614 
25949 31 26372 .49 26633 .45 


2-IV- 1- 
3816 . 343 3778 .700 
26195 .61 26456 .63 (26558 . 50) 


4-III- 1-IV 
3807 .541 3792 .834 
26256 . 23 26358 .05 


7, Ts 2 T 
384.33 
6-1V-d; 4-V-d 
F, 5324.196 5217 .405 
18776 .96 19161.28 
240.20 
4-IV-d, 7-IV-d; 4-IV-d 
F; 5393 .185 5283 .634 5208 .610 
18536.78 18921.12 19193 .65 


3-V-ds 5-V-d 4-IV-d 
5339 .949 5263 .321 5215 .195 
18721 .57 18994 .15 19169 .41 


5-V-d 2- 2-V-d 
5302 .315 5253 .479 5229.84 
18854 .45 19029.71 19115.72 


;% 
5273.178 
18958 .64 








264 


292. 


164 


106.7 


240.2 


199.5. 


139.7 


F. M. WALTERS, Jr. 


7, Ts T: 
384.33 272.55 
6-1V-d; 
5615 .663 
17802 .37 
3-1V 6-1V-d; 
5709 . 395 5586 .772 
17510.15 17894.46 
1- 4+-IV-d; 5-IV-ds 
5784.69 5658 . 836 5572.85 


17282 .23 


Us 


3b-V-d 
4654 .637 
21477 .94 


5-1V-d 
4707 .287 
21237 .72 


17666 .58 


4-IV-d 
4625 .061 
21615.29 


+1V-d 
4668 . 153 
21415.76 


7 
1793915 


3-I1V-d; 
5624. 563 
17774.23 


‘. 
5658 .542 
17667 . 50 


281 .C6 


. 
4565 .684 
21896 .41 
4-V-d 


4607 .665 
21696 .90 


T; 


5-1V-d, 
5569 .631 
17949 53 


3-IV-d; 
5602 .965 
17842 .76 


184.63 


3 
4568 .789 
21881 .52 


2b-d 
4598 . 138 
21741 .87 


3-V-d 
4613 .217 
21670.79 





[J.O.S.A. & RS. 


85.97 


4-1V-d; 
5576.106 
17928 69 





16 


10 





Feb., 1924] 


9) 3 


164 


106.7 


411.2 


294 


344 


144 





289.2 


x9 


93 


K, 


REGULARITIES IN THE IRON SPECTRUM 


U, Us; 
377 .68 


(20503 . 37) 
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NOTES ON THE POLYFOLD LEVELS 


A.—This five-fold level was found from a preliminary examination 
to be the lowest so far observed and was assigned an arbitrary value 
large enough to permit positive values for the other levels found. It 
combines with sixteen other polyfold levels and gives thirteen multiplets 
which are complete. Its inner quantum numbers indicate that it is a 
D \evel and this is confirmed by an application of Landé’s scheme” for 
the Zeeman effect to multiplets A-F, A-G, A-K and A-Q. The separa- 
tions 415.96; 288.10; 184.14; 89.90 have the ratios 4: 2.78: 1.77:0.86, 
which agree qualitatively with the Landé ratios 4:3:2:1 for levels of 
odd multiplicity. 

B.—The inner quantum numbers for this level show that it is an F 
level and this is confirmed by the Zeeman effect. The separation ratios 
are 448.50: 351.30: 257.72: 168.92, or 5:3.91: 2.87: 1.89. 

C.—Combinations with other levels show that the inner quantum 
numbers for this level are 4, 3, 2. These numbers indicate that it 
might be a 3-fold F level, or a P level with a permanent multiplicity of 
6or 7. The Zeeman effect for the multiplet C-N indicates, however, 
that itisan F level. The separation ratio is 584.68 :407.62, which may be 
expressed 3: 2.09 or 4: 2.78. 

D.— Although this set of levels combines with five others, giving 
complete multiplets, there are reasons why grouping the three levels 
together may be questionable, (1) the magnitude of its separations is 
reversed, i.e., the smaller separation is associated with the lowest 
levels, (2) the ratio of the separations 176.78: 200.38, or 7.02:8 is not 
in accord with the quantum numbers 3, 2, 1; (3) a number of the separa- 
tions 176.8 and 200.4 in the region \ 3300 failed to show combinations 
with other levels. 

E.—This level shows combinations with A, B and C only. It was 
derived from the doublets of A-E. While the separations 155.50: 107.10 

® Zeitschrift fiir Physik, 15, pp. 189-205; 1923. 





268 F. M. WALTERS, JR. [J.O.S.A. & R.S.1., 8 


or 3:2.03 are in agreement with other separations found, it may be 
regarded as doubtful until confirmed by its combination with other 
levels. ° 

F.—This is a five-fold D level with separations 240.20: 199.53. 
139.73:71.12, or 4: 3.33:2.33:1.18. The multiplet D-F contains 12 of 
the 21 lines appearing in the electric furnace at the low temperature 
of 1400°C. 

G.— The inner quantum numbers 5, 4, 3, 2, 1 and the Zeeman 
effect for the multiplet B-G show that it is an F level. The separations 
are 292.30: 227.87: 164.89: 106.76 or 5: 3.90: 2.82: 1.83. 

H.—The inner quantum numbers 3, 2, 1 indicate that this is a P 
level for a five-fold multiplicity or a D level for a three- or four-fold 
multiplicity. The multiplets observed (A-H and D-H), however, lie 
outside the region for which the Zeeman effect has been studied. The 
separations are 412.68: 263.69 or 3:1.92. 

I—A three fold level, probably F with inner quantum numbers 
4, 3,2. The difference ratio is 497.80: 328.91 or 3: 1.98. 

J.—A three fold level with inner quantum numbers 4, 3, 2. The 
difference ratio is 411.20: 294.43, or 4: 2.84. 

K.—A five fold F level with difference ratios 344.13: 289.24: 218.45: 
144.93, or 5: 4.20: 3.18: 2.10. 

-K’.—A three fold P level of permanent multiplicity three, as shown 
by the inner quantum numbers 2, 1, 0 and the Zeeman effect for multi- 
plets A-K’ and B-K’. The separations, 70.16:104.50, are however 
reversed as is the case for D. They give a ratio of 2: 2.98. 

L.—Apparently a four fold level with inner quantum numbers 5, 
4,3,2. The difference ratios are 474.90: 354.28: 244.78, or 4: 2.98: 2.06. 

M—Three fold level with inner quantum numbers 5, 4, 3 and 
difference ratio 388.36: 311.43, or 5: 4.06. 

N.—A 3-fold F level with differences 476.58: 358.40, or 4: 3.01. 

O.—A 3-fold level with quantum numbers 3, 2, 1 and difference 
ratio 390.57: 251.99 or 3: 1.94. 

P.—A 3-fold level with inner quantum numbers 3, 2, 1 and difference 
ratio 502.68: 317.71 or 3: 1.90. 

Q.—A five fold D level with ratios 344.00: 261.49: 173.16: 86.73 or 
4: 2.96: 1.96: 0.98. 

R.—Apparent 4-fold level with inner quantum numbers 4, 3, 2, 1 and 
differences 247.73: 175.94: 112.68 or 4: 2.87: 1.84. 

S.—A five fold level with inner quantum numbers 5, 4, 3, 2, 1 and 
differences 587.57: 423.12: 260.93: 101.90, whose ratios may be written 
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5: 3.59: 2.22: 0.85 or 7: 5.04: 3.10: 1.21. The closeness of the latter ratios 
to 7:5:3:1 would indicate a level of even multiplicity according to the 
work of Landé. 

TA five fold D level whose differences are 384.33: 272.55:175.27: 
85.97 or 4:2.83: 1.83: 0.90. 

U.—Apparent 4-fold level of which the quantum numbers are 4, 
3.2.1. The difference ratios are 377.68: 281.06: 184.63, or 4: 2.98: 1.95. 


TABLE 2 
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Table 2 gives two multiplets, which so far have not been brought 
into relation to those given in Table 1. It is to be noted that one of 
these multiplets involves a seven-fold level and that its separations 
are on a smaller scale than any of the other levels. 


TABLE 3 
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B . r V 
15323 .03 
14938 .70 
14666 .15 
14490 .88 
14404 .91 


12622 .10 
12244.42 
11963 . 36 
11778 .73 

Table 3 shows the combinations of the levels discussed above: The 
first column gives the letter indicating the level; the second column the 
arbitrary value of these levels expressed in wave numbers; the third 
the inner quantum number: on the same line with these levels and 
and under the horizontal row of letters (A, B, C, D, T, and U) is given 
information in regard to the multiplets resulting from the combination 
of the levels. Here is shown the average intensity and temperature 
class; the denominator of the fraction shows the number of lines to be 
expected from the selection principle and the numerator the number 
found. 

It will be noted that many of the incomplete multiplets are either 
composed of faint lines or lie in regions of the spectrum difficult of 
observation. In some cases where levels do not show combination, 
this failure may be due to the causes mentioned above just as well as 
to the operation of selection principles. 


ENERGY LEVEL DIAGRAM 


The horizontal lines of the energy diagram indicate polyfold levels 
as shown by the letters at the right, while the vertical lines show the 
multiplets resulting from combinations of these lines. Each line 
represents a multiplet—full lines indicating that all the lines expected 
were found; the dashed lines that enough lines were found to indicate 
that if the spectrum were properly observed all of the lines would 
appear. 

The diagram was built up from the assumption of the arbitrary value 
of 60 000.00 for the A, level. That the T and U levels lie above the 
intermediate levels and not below follows from frequencies of the lines 
of the triplets of which the multiplets are composed. 
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Rares Uttirmes”® 


In the spectrum of iron those raies ultimes which occur in multiplets 
fall in an arrangement quite different from that observed in the other 





| 


Fic. 1. Diagram showing the relation of energy levels which give multiplets in the arc 


spectrum of iron. Horizontal lines show polvfold levels, while each vertical line represents a 
multiplet. 


complex spectra. In titanium, zirconium, vanadium, and columbium 
the raies ultimes all lie on a diagonal of a multiplet, while in iron, they 
occur one to a multiplet. 


“ de Gramont, Comptes Rendus, /55. p. 276; 1912. 
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4383 .548 22806. 19 CL, 


PRESSURE SHIFT 


That lines in a multiplet often behave similarly under pressure was 
pointed out to me by Dr. W. F. Meggers. This observation was of 
assistance in discovering four additional multiplets. All of the striking 
groups of lines with similar characteristics under pressure have been 
arranged in multiplets. 


CONCLUSION 


In the arc spectrum of iron twenty-two polyfold levels have been 
found, the inter-combinations of which result in fifty-four or more 
multiplets. From the inner quantum numbers and Lande’s scheme for 
the Zeeman effect, the identification of several of these polyfold levels 
as P, D, and F terms has been made. For iron it has been observed 
that a correlation exists between lines grouped in a multiplet and 
their behaviour under pressure, as well as the behaviour in the electric 
furnace. 


BuREAU OF STANDARDS, 
WasaincTon, D. C., 
Nov. 20, 1923. 
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ON THE REFLEX ORIGIN OF THE SELF LIGHT 
OF THE RETINA 
By FRANK ALLEN 


SYNOPSIS 


Ir. this paper the characteristics of the self light of the retina are reviewed and compared 
with those of the light formed by reflex stimulation of the fundamental color sensations. 
For this purpose the numerous references to self light in Peddie’s recent work on Colour Vision 
are made the basis of study. Reasons are given to show that the reflex theory will satis- 
factorily account for the self light; its color tone; the possibility of an invariable color in the 
spectrum; the smaller degree of saturation of a color formed by mixture of two or more 
colors on the retina compared with that of its simple spectral equivalent; the threshold 
values of colors; and the effect on self light phenomena of changes in mechanical pressure in 
the retina due to variations in blood pressure. 


Underlying all perception of color is the presence in the retina of white 
light of varying intensity, the origin of which is very obscure. Also on 
closing the eyes it is possible to see a misty dark gray light which 
Helmholtz! described as characterized by many vascular ramifications 
which resemble scattered moss and leaves. 

In this communication the writer has endeavoured to gather together 
the main characteristics of the retinal self light, and, as the title indi- 
cates, to identify it with the reflex light invariably associated with all 
direct applications of color to the eye. 

In addition to the usual direct action exercised by all colors upon the 
retina, it has been shown by the writer’ that every spectral color stimu- 
lates by reflex action the three fundamental sensations, red, green, and 
violet, and also enhances the sensitiveness of their receptors. In 
consequence, the brightness of the corresponding colors is increased to a 
greater or less degree according to the physical characteristics of the 
direct light. While the three sensations are invariably excited, the 
major part of the enhancement at medium intensities is in the sensa- 
tions complementary to the active colored light. It is a notable fact, 
as an examination of the numerous curves in the paper just referred to 
will show, that, with the intensities of the colors there employed, the 
green reflex extends through the yellow, its maximum often being in the 
brightest part of that region. With white light the three reflexes were 


* Physiol. Optik. 3rd Ed., 2, p. 12 (Eigenlicht). 
* On Reflex Visual Sensations. J. O.S. A. & R.S. I., 7, p. 583; 1923. 
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also evident, the green-yellow depression of the curve indicating that 
particular reflex to be especially well developed. 

The reflex enhancement of sensations is transferred from one eye to 
the other, and, as the writer has more recently shown,’ from one area of a 
retina to those adjoining; and it occurs also in the same retinal area 
upon which the direct light falls and in orderly conjunction with its 
effects. The direct action of each color also extends to all three primary 
sensations, the major stimulation being with either the one or the two 
sensations chiefly concerned. 

The consideration of the phenomena of the intrinsic or self light of 
the retina appears to show that the efferent nerve impulses in enhancing 
the receptors, at the same time cause their stimulation, with the 
resultant production of light to a greater or less extent. 

It is generally held that equal stimulation of all three sensations 
causes the perception of white. Consequently the inevitable result of 
reflex stimulation of the three sensations is the production of white light 
in conjunction with every color affecting the eye. Should the three sen- 
sations be stimulated equally, the reflex white will be untinged with 
color; but should there be unequal excitation, the white may be some- 
what tinted with one of the fundamental colors, or with such a combina- 
tion as to make the white either yellowish or bluish in appearance. 
While every one of these results is theoretically possible, observation 
must determine which one is actually realized. As the efferent impulses 
in their nature must originate in the visual centers of the brain, the re- 
flex white light caused thereby must be of central origin. 

Since white is present in all colors, and since all colors at both 
extremes of intensity tend to become white with the loss of their color 
tone, it has been believed that whiteness itself is a separate fundamental 
sensation. Hering specified that one of the three hypothetical photo- 
chemical substances is for the white-black series of sensations. Wundt 
believed the impact of color always produced two effects, a chromatic 
and an achromatic. In his theory McDougall provided a separate white 
process. Mrs. Ladd-Franklin and also Edridge-Green consider white 
to be the primitive process out of which the various color preceptions 
have developed. Abney came to the conclusion that white is caused by 
the main vibration generally, and that color is as it were superposed 
upon it. Helmholtz considered that each color directly excited all 


* Reflex Visual Sensations and Color Contrast. Jour. Op. Soc. Am., 7, p. 913; 1923. 
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three primary sensations, and that in consequence white must form 
part of the resulting perceptions. 

Color theorists such as Helmholtz, Kénig, Exner, and Hering, alike 
specified that the colors they selected as primaries were to be regarded 
as more saturated, i.e. containing less white light, than their spectral 
representatives. But “‘it is not possible,”’ says Peddie,‘ “from phenom- 
ena of colour mixture, to determine the fundamentals. The only reason 
for choosing red, green, and indigo or violet, from amongst spectrum 
colors, as simple and fundamental colors (corresponding, that is, to 
fundamental sensations) is that they have the smallest admixture of 
white.”” And again (p. 67) ‘Rich pure color glow is the characteristic 
of the simple colors, say, red, green, and indigo; strong but whiter 
color distinguishes the fused colors yellow and pure blue.”” Nor will it 
be overlooked that purity or the degree of saturation is one of the color 
constants; or, as Peddie expresses it (p. 135), “The three attributes 
whiteness, color, and luminosity constitute the directly perceived as- 
pects of visual sensation.” 

For the purpose of this study of the self light of the retina, the recent 
work on “Colour Vision” by Peddie is of very great service; though 
unfortunately the original sources of his information are but rarely 
indicated. From the frequency of his references to the peculiarity of 
vision which is the subject of this paper, it is evident that (p. 50) ‘the 
importance of the modifications of visual perception by the presence 
of self light’ is very great. Since the self light is so insistently present, 
and continues so long after all external stimuli have ceased, it is fre- 
quently referred to as the inherent or intrinsic luminosity of the eye. 
Burch (p. 46), however, found that with “prolonged resting of the eye 
in an absolutely dark room, the self light slowly diminishes and finally 
disappears.”’ 


As a deduction from mathematical theory Peddie concludes (p. 74) 
that “the self light constant is smaller for blue light than for red and 
green lights, for which the values are about equal.’”’ With this Peddie 
connects (p. 74) “the high sensitivity of the eye to color variation in the 
blue region of the spectrum.” This no doubt is connected with the 
fact that violet is the most saturated of the spectrum colors, with 
ultramarine blue closely following.’ And this in its turn is most 


* Colour Vision (Edward Arnold & Co., 1922), p. 64. The pages indicated in the text of 
this paper refer to this book. 
* Rood: Modern Chromatics, p. 165. 
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probably due to the remarkable reflex power® which these colors 
possess. ; 

As stated above the composite reflex light may be white or tinged 
with color. At present there is no way of predetermining what its 
appearance will be, or whether its color will remain the same at all 
intensities. Peddie concludes (p. 81), again from mathematical 
reasoning, that the color tone of the self light, which is always present 
in eye observations (p. 84), must be yellowish white. In terms of the 
reflex theory this would imply that at low intensities the red and 
green sensations are excited more than the violet, which would therefore 
place the preponderating eflect between the former, which is in the 
yellow. This may easily be the case; but there is no apparent reason 
why at high intensities equality of stimulation should not result, with 
complete whitening of the reflex or self light. 

Peddie further says (p. 81): “This color tone, (i.e. yellowish white) 
of the self light is superposed on all color tones belonging to the external 
light. Therefore, to maintain a constant color tone with increasing 
intensity, the tendency of the externally caused color to become white 
must be checked by taking it of more and more saturated value 
Ultimately the tendency of all colors towards white at very high 
intensities would swamp the effect of the self light, and even yellow 
would approximate to white.”’ 

But why should all colors have a tendency towards white at high 
intensities? This phenomenon itself requires an explanation as much 
as any other. From the last part of the quotation Peddie regards this 
“tendency towards white” as an unexplained phenomenon, yet one 
quite distinct from the white or yellowish white self light. But from 
the point of view of the reflex theory the very reverse is the case; and 
the reason why all colors tend to become white lies in the fact that the 
reflex white light itself becomes so extremely intense that it “swamps 
the effect” of the direct color action. 

Another way of explaining this, however, may be more accurate. 
Since each color directly, as well as reflexly, stimulates all three sensa- 
tions, there must be a maximum intensity to which each can be directly 
excited. When the sensation most immediately concerned has reached 
its maximum, further increases of intensity will be effective only upon 
the remaining sensations until all alike are at their maxima. ‘This 
process can easily account for the disappearance of any particular 


* On Reflex Visual Sensations, loc. cit., p. 596. 
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color and its replacement by white. The reflex stimulation, as experi- 
ment shows, extends always to all three sensations, and hence will 
also produce white. The double production of white will therefore be 
devoid of color. 

If two or more spectrum colors form a mixture upon the retina, each 
will separately excite its own reflex white, and the resulting reflex or 
self light will be of much greater intensity than that produced by a 
single color. It is a principle of physiology’ that “two reflexes making 
use of the same final path may reinforce one another.” And also, 
‘like reflexes mutually reinforce each other on their common path.” 
(Sherrington.) Consequently it is not surprising “that the color 
obtained by mixture of two spectrum lights is whiter than the similarly 
colored region of the spectrum.” (p. 118.) For in forming mixtures of 
colors upon the retina, only one area is employed and it is obvious that 
the reflexes excited by each color stimulus must make use of the same 
final path. It is therefore necessary, for example, to add white to 
spectral yellow in order to match a yellow formed by proper mixtures 
of red and green lights. 

Whiteness of mixtures reaches its extreme in the case of comple- 
mentary colors. For (p. 84) “complementariness is also practically 
determined in presence of self light.”” It may, however, rather be the 
case that the production of white self or reflex light in excess is what 
constitutes complementariness. For as we have just seen, two colors 
when mixed on the same retinal area will generate an unusually large 
quantity of white light. If in addition the two colors are such as will 
when combined directly stimulate the three sensations equally, the 
result must be the complete disappearance of color and its replacement 
by white. To accomplish this purpose the sensations must be balanced; 
consciousness informs us by the perception of white that the balance 
has been effected. 

It is extremely probable from the reflex theory of Color Vision that a 
particular wave length will change its hue as it passes from minimum 
to maximum intensity. There is at present no independent determina- 
tion of the growth of the individual reflexes. But it is most improbable 
that all three reflexes will rise to their maxima at precisely the same 
rate. Consequently the changes in hue will follow the relative changes 
in enhancement of the sensations. And if changes occur, they must 


’ Bayliss: Principles of General Physiology, p. 507; 1920. 
Sherrington: Integrative Action of the Nervous System, p. 233. 
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always tend in normal eyes in a certain definite direction. There wil] 
probably be no color which will remain absolutely unchanged in hue as 
the intensity changes from minimum to maximum. If, for example, 
the green reflex, which usually extends to yellow, were to develop the 
most prominently, the colors on each side of it would tend towards 
green or yellow with increase of intensity. It would be consistent 
therefore with the reflex theory if one color at least, viz. that towards 
which those on each side tended, should experience a minimum change 
of hue under all conditions of intensity. Approximately at least, 
this hue would be an invariable color. 

Quite in accord with this reasoning are Peddie’s conclusions from his 
study of Helmholtz’s equations, (p. 80): “‘As the external stimulation 
increases or decreases in intensity, without changes in the proportions 
of the fundamental stimulations, the color apparent to the eye must 
change in consequence of the presence of self light, supposed for 
simplicity to be constant in amount and quality. Even with that 
restriction, the change in color in passing from ordinary to very feeble, 
or from ordinary to very intense, illumination is in agreement with 
observation.” 

“With increasing brightness all spectrum colors, any one of which 
possesses a fixed relative composition with regard to the fundamentals 

. becomes more similar to white of a yellowish tinge. The most 
rapid passages thereto occur in the change of green into yellow, and 
of violet into whitish blue. Greater increase of intensity is required to 
change blue into white and red into yellow. The only color which 
remains markedly unchanged at all intensities is a yellow white.” 

As regards the meaning of the threshold value of color, Peddie 
suggests (p. 128) that it is “the value of the external stimulus which 
forms the least perceptible difference from the so-called self light. 
Behind this question lies the further one whether the threshold value 
is entirely due to the self light, so that it would vanish if the latter 
vanished; or is in part due to structural or functional conditions, so 
that it possesses a small finite limit under extreme dark adaptation.” 
And in regard to the increase of the threshold value after fatigue, 
he says (p. 172): “The increase of the threshold value has then a 
positive magnitude as self light, evident during the absence of any or 
too strong external illumination, and which may inhibit that external 
illumination from perception if it be sufficiently weak, as when an eye, 
dazzled by strong lights, cannot perceive even bright objects through 
the consequent glare of the intensified self light. But the increase in the 
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threshold value may also have inhibiting effect apart from evident 
self light.” 

Since the direct action of light or color is at least the chief agency 
by which reflex sensations are excited, it follows that the direct effect 
of light should have a threshold value apart from the self or reflex 
light which is occasioned by it. This would have to be tested by 
experiments with intermittent vision, in order that the duration of 
the direct stimulus on the retina can be controlled and studied before 
the reflex light has time to develop. But in steady light it will probably 
be impossible to separate threshold values from the reflex self light. 

The reflex theory quite adequately accounts for “‘the calling out of a 
colored sensation, previously below the threshold, by means of a feeble 
white stimulus.” (p. 192). For, as the writer has shown,* white light 
reflexly enhances the perception of colors in all parts of the spectrum. 
The sub-threshold color stimulus therefore falling upon the enhanced 
sensations, will as a consequence have sufficient intensity to be per- 
ceived. This amounts to the same thing as saying that “a color 
threshold is lowered by a process of defatigue.”’ (p. 201). Defatigue 
is a term which Peddie uses frequently, and is his equivalent for what 
the writer has shown to be reflex enhancement of sensations; (e.g. see 
Peddie, p. 172). Peddie also suggests (p. 148) the possibility that 
the three fundamental threshold values may correspond to the com- 
ponents of the self light. 

“In the central fovea” says Peddie (p. 147), “the sensitiveness to 
weak light is usually very small. Thus it is well known that faint 
stars which can be seen by indirect vision disappear when the gaze is 
direct. The natural conclusion is that the cone structure, which is 
eflective in direct vision, is not responsive to very feeble illumination. 
This might be due to inherent structural or functional conditions. 
On the other hand, it may be due to excitation, not necessarily visible, 
of self light in the foveal region; which, in accordance with Fechner’s 
modification of his law of the sensation of luminosity, effectively 
lessens the sensitivity to illumination . . . It is quite in consistence 
with this view that the slight possibility of foveal dark adaptation 
which is normally observable must be preceded by strong light adapta- 
tion. This accentuates the self light above its normal value.” 

This brings up the question whether the rods and cones are differen- 
tiated with respect to the direct and reflex sensations. So far as the 


* Reflex Visual Sensations, loc. cit., p. 598. 
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writer’s investigations have gone the actions of light have been spread 
over relatively large retinal areas in the central part of the eye. There 
is no experimental evidence at present as to whether the reflexes exist 
in the fovea, which has no rods, or whether they are found in those 
peripheral regions where the rods are greatly in excess of the cones, 
It will undoubtedly be of great interest and importance to discover 
the relation of the rods, cones, and visual purple, to the direct and 
reflex effects of color. The two actions of color, direct and reflex, the 
two kinds of optic nerve fibres, afferent and efferent, and the two 
kinds of end organs, rods and cones—receptors and efiectors?— offer 
most suggestive possibilities for the more exact formulation of the 
physiological theory of color vision. 

In regard to the perception of blackness Peddie is of the opinion 
(p. 170) that “‘it is the existence of this self light, whatever be its origin, 
which gives rise to the idea that there can be degrees of blackness 
But we ought not to conclude,” he continues, “that there can be a 
black which is ‘blacker than black.’ The error lies in calling the normal 
background black when external light is excluded.” 

The self light is usually considered to be very weak since ordinarily 
it is observed in darkness. But its occurrence is by no means limited 
to that condition. In speaking of fatigue Peddie remarks (p. 149): 
“When the fatigue tint becomes noticeable, the condition of dazzle 
arises, though the term is generally employed only when the induced 
self light becomes strongly noticeable.”’ 

“When the intensity of illumination of an object seen through self 
light or dazzle light is reduced so as not to exceed the intensity of the 
later by more than the limit of differential perception, the object ceases 
to be visible.” 

He also refers (p. 166) to the fact that “Fechner has shown how 
the influence of self light may be included in the mathematical formu- 
lation dealing with intensity, and that Helmholtz has extended the 
formulation so as to include the case of the influence of self light upon 
color, and that not merely in weak illumination, but even in the 
extreme case when dazzle occurs.’”’ And again (p. 167) he reiers to 
“self light in perhaps its extreme manifestation of dazzle.”’ 

From the point of view of the reflex theory the continuous increase 
of self light from almost imperceptible intensity to the opposite extreme 
is to be expected. For all colors excite the three reflexes, thus producing 
white, and the magnitude of their excitation must depend, though 
only in part, upon the intensity of the external light. Increase of the 
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latter can scarcely fail to augment the former up to some limiting 
maximum value which may be very great. 

Though the intensity of the self light may fluctuate irregularly 
when weak (pp. 174 and 175), strong illumination will render it steady 
(p. 177). 

In his study of the spectrum curve, Fig. 1, in the color triangle 
(p. 54), Peddie says (p. 55): “The sharp inflection of the extreme 
tip of the violet end of the curve is due, as Helmholtz pointed out, to 
fluorescence in the eye which makes the light falling on the retina from 
this region of the spectrum whiter than the actual light as it would 
be perceived by a non-fluorescent eye.” 


Green 





Red =I Blue 


Fic. 1. Spectrum curve in the color triangle. 


In the papers already cited® the writer has shown that violet exerts 
by far the most powerful reflex influence of all colors, the effect being 
quite as great as that produced by yellow light which is seven hundred 
times as bright as the color of wave length .410u. The inflection of the 
violet end of the spectrum curve may therefore be due to this exception- 
ally large reflex stimulation of the fundamental sensations which is 
easily capable of whitening the violet light. 

It is impossible that fluorescence, which is a distinctly physical 
phenomenon, can be caused by physiological reflex action; nor can that 
phenomenon be produced on any part of the eye other than the area 
upon which the external light impinges. And it must be remembered 
that the same reflex effects of violet that are found in the retinal area 
directly stimulated by the light are found in the adjoining regions, and 
are also transferred from one eye to the other. 


*On Reflex Visual Sensations, Joc. cit. p. 596. 
Reflex Sensations and Color Contrast. J.O.S. A. & R.S.1., 7, p. 926; 1923. 
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But since fluorescence does occur in the retina its presence suggests 
that some function must be performed by it. Mr. M. S. Hollenberg 
has suggested to me the probability that its purpose is protective to the 
visual apparatus. It is well known that ultra violet waves reach the 
retina, and if very intense are highly painful and injurious. With 
ordinary modes of illumination, especially with daylight for which the 
eye is fundamentally adapted, the quantity of ultra violet radiation is 
small. When this falls upon the retina it is absorbed by the fluorescent 


substance and transformed into harmless waves. The quantity oj 


fluorescent material in the eye can only be very small and it is not 
equal to the task of transforming the powerful radiation of very short 
wave lengths produced by some modern artificial luminous radiators 
When the protective barrier is overwhelmed the retina is helplessly 
exposed to danger. 

Peddie also connects the self light of the retina with the phenomena 
of after images, observing (p. 169) that “‘All after images are, strictly 
speaking, manifestations of the so-called self light of the eye raised by 
precedent conditions to an intensity sufficient for direct sensation under 
circumstances in which it would normally be quite invisible.” And 
again (p. 173) he speaks of “the intensified self light which constitutes 
the after images.” 

The phenomena of after images form a subject of great extent and 
complexity which it is the intention of the writer to consider, together 
with the closely allied subject of inhibition of sensations, in a future 
communication. Further discussion of these topics will therefor 
be omitted. 

In accounting for the origin of the self light Peddie suggests a con- 
siderable number of possible causes (p. 48): “The apparent luminosity 
which is evident to the eye against the dark background of a room 
from which light is totally excluded depends upon the illumination 
which has previously fallen from external sources upon the retina 
An effect of this kind might arise from fluorescence in some part of the 
eye, or from the persistence of that physical consequence of the illumin- 
ation of the retinal structures which gives rise to the stimulation of the 
nerves, or from persistence of that stimulation, or from persistence oi 
the physiological effects of that stimulation when it influences the 
brain organs concerned in psychological perception. On the other 
hand it may have its origin in the retina itself from an extraneous 
development therein of the physical action which results, to a still 
greater extent, when external light falls upon the eye: or it may 
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originate by extraneous development of any of the energy transforma- 
tions which arise in the transmitting apparatus or in the brain itself 
as a consequence of the incidence of external light upon the retina.” 

This list of suggestions obviously decides nothing; but at least it 
serves to indicate how difficult it has been to determine the origin of 
the self light. The experimental demonstration of reflex excitation of 
the primary sensations seems, however, to provide a simple as well as 
an adequate explanation of the origin of the hitherto puzzling phenom- 
enon of the self light of the retina. 

The ordinary excitation of the visual receptors is by means of external 
light. In addition to this there is evidence that reflex light effects are 
caused by mechanical pressure. 

As quoted above Helmholtz states that on closing his eyes he ob- 
served the self light in forms resembling moss and leaves. He also 
observed it as circular and other forms of faintly luminous mists which 
appeared to travel towards the centre of the field of vision. The 
movements of these mists he observed to be synchronous with respira- 
tion. 

The observations of Purkinje on the same phenomena are also 
referred to by Helmholtz. After vigorous physical exercise Purkinje 
saw in the dark field of vision a feeble light waving and flickering like 
a dying-out flame of spilt alcohol. On closer observation, he also saw 
in it innumerable small points of light which moved away from each 
other leaving streaks of light in their paths. Every unexpected or 
uncertain movement and momentary oscillation of the eye is accom- 
panied by alteration of the positions of these pale mists and other 
light images. 

My research assistants, Messrs. A. and M. S. Hollenberg, have 
suggested the probability of the close connection between these phe- 
nomena and changes in the mechanical pressure on the retina arising 
from variations of the pressure of the blood. 


It is of course common observation that a blow on the eye produces 


irregular flashes of light, and that a steady strong pressure also causes 
luminosity in the retina. Indeed the observations of Helmholtz may 
be readily repeated by covering the closed eyes with the hand and at 
the same time exciting pressure with the fingers upon the eyes. 

When a person has high blood-pressure it often happens that on 
closing the eyes flashes of light are seen. In glaucoma the intraocular 
pressure is already high so that additional pressure in the form of 
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arterial pulses may also produce flashes of light as well as circular 
colored rings or halos around artificial lights. 

The blood-pressure in the arterial system experiences a dual altera- 
tion,” both elements of which are rhythmical. First, there is an 
increase of pressure with each heart beat causing expansion of the 
blood vessels, and, second, there is a greater increase of pressure with 
each inspiration and a fall with each expiration. The former pressure 
changes are much more frequent than, but not so extensive as, the 
latter. After exercise both heart beats and respiration are faster and 
more vigorous with correspondingly greater alterations in the blood- 
pressure. Every movement of the body seems to be reflected in altered 
blood-pressure. Variations in the accommodation of the eyes also 
change the intraocular pressure. 

The movements of the streaks and spots of light and light mists, 
which Purkinje observed to be synchronous with respiration, and more 
pronounced after exercise, together with other luminous pressure 
effects, all serve to prove that mechanical stimulation of the retina by 
changes in the blood-pressure in its circulatory system is the efficient 
cause of these peculiarities of the self light. In these cases also the 
pressure is conveyed to the brain centres in the form of nerve impulses 
which are capable of stimulating the efferent fibres so as to produce 
the reflex light. As all three sensations are equally and simultaneously 
stimulated the reflex light is white. 

From the various characteristics of the self light and the modes of its 
excitation, and from the properties of the sensory visual reflexes as well 
as the particular physiological principles in accordance with which 
they operate, the general conclusion seems to be warranted that the 
self light of the retina, which is usually seen as a feeble luminous 
impression in the dark, is identical in its origin with the weak as well 
as the bright white light underlying and accompanying all color 
perception, and that it is reflex in its nature. 


DEPARTMENT OF PA#YSICs, 
UNIVERSITY OF MANITOBA, 
WINNIPEG, CANADA. 


9 See blood pressure tracing and explanation in Howell’s Text-book of Physiology (8th 
Ed.), p. 656. 











ON THE CATHODO LUMINESCENCE OF SOLID 
SOLUTIONS OF FORTY-TWO METALS 


By T. TANAKA 


The number of solids whose luminescence can be explained by 
assuming an activating metal in solid solution has been so widely 
extended that there remain, at least for inorganic substances, only a 
few exceptions such as the uranyl salts, platinocyanides, etc. The 
establishment of this conception we owe to Lecoq de Boisbaudran, 
E. Baur and R. Marc, G. C. Schmidt, P. Lenard, M. G. Urbain, 
M. L. Bruninghaus, and others. Most of the results obtained by these 
authors, however, are qualitative; except that Urbain determined by 
means of a spectroscope the positions of the fine lines occurring in the 
solid solutions of several rare earth metals. A great advance was made 
by E. L. Nichols and his co-workers, who showed by means of a spec- 
trophotometer that each broad luminescence band can be resolved 
into several series of component bands, the bands belonging to each 
series being systematically related to each other. By this method 
Nichols and Howes! made their extensive and systematic researches 
on the uranyl salts, and determined the spectral structure of the 
phosphorescence of certain sulphides.? In the present investigation, 
which was planned at the suggestion of Professor Nichols, the same 
method is applied to the study of solid solutions of a large number of 
metals. 


I. MertTHopD OF INVESTIGATION 


The method of excitation adopted in the present investigation was 
by cathode rays obtained in a vacuum tube carrying currents of about 
9.4 milliampere. The discharge potential, which was measured with a 
spark-gap voltmeter, was found to be about 4,000 volts in most cases. 
The currents were produced by a large Holtz machine with two plates, 
and a two stage oil pump was used to exhaust the air from the tube. 
The electric machine was driven by an alternating current motor at 
full speed, the current being adjusted by alcohol resistance. The 
vacuum pump was rotated by a direct current motor attached to a 
slide-rheostat, by which the speed of.rotation could be adjusted. 


' Nichols and Howes: Publ. Carnegie Inst. of Wash., p. 298; 1919. 
* Nichols: Proc. Am. Philos. Soc., 66, p. 261; 1917. 


287 











288 T. TANAKA [J.0.S.A. & R.S.1. 8 


In this work it was extremely important to obtain a steady current. 
Therefore, as far as possible, all contacts were soldered, all surfaces 
of conductors were coated with sealing wax or paraffin, and all wires, 
besides being as large as was convenient, were inserted into glass tubes, 
In this way quite steady currents were obtained, so that the readings 
of a D’Arsonval galvanometer inserted between the alcohol resistance 
and the ground showed only a few minor oscillations within the limits 
of a few per cent, in the course of thirty or forty minutes. In most 
cases it was necessary to keep the pump slowly rotating, otherwise 
the pressure in the vacuum tube soon increased; a phenomenon prob- 
ably due to gases produced from the luminescent substance by the 
bombardment of cathode rays. In consequence of this continued 














or 


Fic. 1. Section of metal case containing the sample to be studied 





pumping the vacuum tube slowly hardened, so that in the course ot 
thirty or forty minutes there was a gradual decrease of current and 
increase of discharge potential. Such slow changes, amounting only 
to a few per cent, have little injurious effect on the present investigation. 

The stray light was cut off with the greatest care. The compart- 
ments for the spectrophotometer, the comparison lamp with its mag- 
nesium carbonate reflector, and for the metal case containing the 
vacuum tube, were each tightly enclosed by thick black paper. A 
section of the metal case containing the vacuum tube is shown in 
Fig. 1. In this diagram A is the sample to be studied, B an inclosure 
of aluminum, C coatings of paraffin or wax. D coatings of black sealing 
wax, E the earthed metal case, F collimator of the spectrophotometer. 
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The spectrophotometer used in most of the work was made by 
Adam Hilger. Several verifications of its accuracy were made, es- 
pecially in respect to the effect of the breadths of the ocular slit and of 
the slits of both collimators; and the scale was frequently calibrated 
by lines of the light from a mercury arc lamp. 

The comparison light was furnished by a miniature tungsten lamp 
of 3.8 volts, whose current was adjusted by a milliammeter and a 
rheostat inserted in the circuit. Each lamp was thrown away after 
being used about ten hours. For the energy distribution of this com- 
parison light, Coblentz’ result was used as an approximate datum.* 

[he readings of the spectrophotometer were generally taken at 
intervals of 20 A.U. Some faint luminescence bands due to the glass 
wall of the container of the sample were often perceptible, especially 
when the luminescence of the sample was faint. The crests of these 
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Fic. 2. Variation of intensity with time of bombardment 


bands were at 4702 and 4268 A.U. for the tube that was used the 
longest. It was easy to distinguish them from bands due to the sample, 
by reason of their constant occurrence. 

Before beginning the investigation proper, it seemed necessary 
to examine spectrophotometrically the variation of the intensity of the 
luminescent light for a definite wavelength of each substance. Re- 
peated experiments were made, readings being taken every minute. 
Fig. 2 shows the approximate intensity of the luminescent light of 
\=5977 A.U., emitted by a calcite from Colorado, for about an hour 
after the current became stationary. This wave-length corresponds 
to the crest of a band appearing prominently in that crystal. From 
this it can be seen that, except for 7 or 8 minutes at the beginning, 
the conditions for 30 or 40 minutes are suitable for finding the positions 


*W. W. Coblentz: Bull. of Bur. St., 14, p. 115-131; 1917-18. 
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of narrow bands, the object of the later experiments. The variations 
of intensity shown in these preliminary experiments are to be attributed 
to variations in the samples themselves, due to the cathode ray bom. 
bardment. For most substances, the rate of decrease was found to be 
somewhat larger than that shown in Fig. 2. 

The luminescence spectra dealt with in the present investigation can 
be classified as follows: Type IJ. Spectra containing fine line-like 
bands. Type II. Spectra consisting of one or several groups of 
broad bands, each of which appears as a single band. Type III. 
Spectra for which the envelope of the spectrum curve has no distinct 
summit, and the luminescent color is whitish. Figs. 3, 4 and 5 show 
examples of these three types. 
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Fic. 3. Spectrum Type I. (Samarium Oxide.) 


Fig. 3 is the ‘spectrum curve of the luminescence of a mixture of 
calcium carbonate and samarium oxide (proportion of atoms 125:1), 
calcined by heating to red heat for about half an hour. When this 
spectrum was viewed through a spectroscope with the eye-piece 
inserted, it appeared to consist of four separated, fairly sharp lines, 
the positions of which are shown by the vertical lines at the bottom of 
the figure. The calcium carbonate used had been determined before- 
hand to contain traces of manganese. 

Fig. 4 is the spectrum curve of the luminescence of a mixture of 
zinc silicate and manganese oxide (Andrews’ synthetic willemite). 

Fig. 5 is the spectrum curve of the luminescence of a mixture of 
calcium fluoride and molybdic oxide (proportion of atoms 250:1, 
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calcination accomplished by heating to red heat for about half an hour). 
In this case there is present one band due to the glass wall of the tube. 

The points of observation in these diagrams are not plotted, because 
each spectrum curve drawn expresses the results of at least ten series 
of observations. 
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Fic. 4. Spectrum Type II. (Manganese Oxide.) 
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Fic. 5. Spectrum Type III. (Molvybdic Oxide.) 


Il. Som SOLUTIONS WITH MANGANESE AND WITH COPPER 
AS THEIR ACTIVE SUBSTANCES 


1. Calcium sulphate with manganese as the active metal. This 
solution consisted of calcium sulphate containing about 0.10% of 
manganese sulphate. After heating to 690°, it showed a bright green 
luminescence, with its maximum brightness at about \=0.505y, a 
wavelength coinciding approximately with the result of Bruninghaus.‘ 


*M. L. Bruninghaus: C. R., 144, p. 1040; 1907. 
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The spectrum was found to consist of four series of overlapping bands, 
each being spaced equally in frequency units. (In accordance with the 
usual notation, frequency will be expressed in terms of 1/u X10 or 
1/A.U.x10' hereafter.) In this notation, two of the abovementioned 
series have 34 as their interval, and the other two have 42. Table 11 in 
section IV shows the -wavelengths and frequencies for these series. 
The series III and IV in that table coincide with those found by 
Nichols, Howes and Wilber in calcite and quicklime, using a different 
method of excitation: from which it would be expected that these 
substances and the present solution have a common luminescent 
agent. Series I and II are new. Generally speaking, each spectrum of 
the present solution contains bands belonging to each of these series; 
but a long bombardment by cathode rays causes the number of bands 
belonging to series III and IV to decrease, and those belonging 
to series I and II to increase; which indicates that the bombardment 
produces a change in the physical condition of the substance. This 
change is semi-permanent, and is not reversed by several hours rest. 
Several experiments on this phenomenon were performed, in the region 
of \=0.545—0.475u. At the beginning of the bombardment, 8 bands 
belonging to I and II and 6 belonging to III and IV were present. 
After a time, 2 new bands of I and II appeared, and 2 of III and IV 
disappeared. Later, 2 more new bands of I and II appeared, while 3 of 
IIland IV disappeared. Lastly, 2 more new bands of I and II appeared 
and all of III and IV disappeared. Upon introducing fresh powder, 
about an equal number of bands belonging to the two groups were 
again found. This shows that the condition of the substance is gradu- 
ally changing in the course of bombardment; a fact that makes the study 
quite difficult. If, as it seems, there is a certain condition of the sub- 
stance favorable to the appearance of bands of a given series, it is quite 
natural that Nichols, Howes, and Wilber, using a different method of 
excitation, should have observed only the existence of series III and IV. 
2. Calcium carbonate with manganese as the active metal (mode of 
preparation unknown). The resolution of the luminescence band 
showed the existence of four series of bands, coinciding with those dis- 
cussed under 1. But the luminescence was orange instead of green, and 
had its maximum brightness at about \ = 0.595u, a value approximately 
coinciding with that found by Bruninghaus. Bands belonging to the 
two groups of series appear and disappear in the manner just described. 
E. L. Nichols, H. L. Howes, and D. T. Wilber: Phys. Rev. (2), 12, p. 351-367; 1918. 
H. L. Howes, Phys. Rev. (2), 17, p. 469-474; 1921. 
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3. Calcium phosphate with manganese as the active metal (mode of 
preparation unknown). This substance showed a very bright yellow 
luminescence, with a fairly large fatigue of the luminescent power. 
The maximum brightness occurred at about \=0.554y, differing from 
the value \=0.633u observed by Bruninghaus. The difference may be - 
due to differences in the concentration or in the calcination temperature. 
The bands belonged to the same four series which have been previously 
discussed. 

4. Zinc sulphate with manganese as the active metal (mode of prepara- 
tion unknown). This substance showed a red luminescence having its 
maximum brightness at about A\=0.647u. In this case the lumines- 
cence spectrum resolved itself into component bands constituting eight 
series. Four of these were the series I, II, III, IV, previously described; 
and the other four could be derived from the four normal series by dis- 
placing each member thereof by an amount A(1/A) = —2.5 (measured 
in 1/A.U.10" units) toward the red end. Furthermore, the bands 
of the normal series occurred only in a comparatively early stage of 
the bombardment. At first, this anomaly was considered due to some- 
thing wrong in the apparatus; hence the experiment was repeated thirty 
times, using two different spectrophotometers, one of which was made 
by Hilger, and by which the wavelengths could be read accurately 
to at least two or three A.U. The results of all these experiments 
agreed. 

Members of the groups I, II, and III, IV, appeared and disappeared 
in the same manner for these anomalous series as for the normal series. 
For instance, in one experiment the results were as follows: First, no 
bands of I, II; 7 bands of III, IV. Second, same as first. Third, 3 bands 
of I, II; 5 bands of II1, 1V. Fourth, 5 new bands of I, II; only 1 band 
of III, 1V remained. No further change was observed. 

That this anomaly does not occur in all salts of zinc mixed with 
manganese was determined definitely by measurements on zinc silicate 
mixed with manganese oxide (Andrews’ synthetic willemite) to be 
described in a subsequent paper. Perhaps it is peculiar to zinc sulphate. 

5. Magnesium sulphate with manganese as the active metal. This 
solution consisted of magnesium sulphate containing about 1.3% of 
manganese sulphate. After heating to 690° it showed a red luminescence 
with a maximum brightness occurring at about \=0.631n. The com- 
ponent bands belonged to the previously described normal series. 

6. Ammonium alum with manganese as the active metal. This 
solution consisted of ammonium alum containing about 0.11% of 
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manganese carbonate. After heating to 690° it showed a faint red 
luminescence, the component bands of which belonged to. the four 
normal series. 

7. Calcium sulphate with copper as the active metal. This showed a 
luminescence of medium intensity, resolving itself into bands constitut- 
ing two series with a common interval of 17.0. These series are given 
in Table 15 of section IV. 

8. Magnesium sulphate with copper as the active metal. This showed 
a rather faint red luminescence, presenting an anomalous case similar 
to that discussed under 4. Besides the two normal series found in the 
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preceding case, two other series appeared, which could be derived from 
the normal series by displacing each member thereof by an amount 
of A(1/A) =2.0 toward the violet end. 

So far as found in the present investigation, in the case of calcium 
salts with manganese as the active metal, the position of the maximum 
brightness of luminescence varies regularly with the molecular weight 
of the salt, as shown in Fig. 6. The points for CaO and CaS were deter- 
mined from a study to be later described. It is interesting to note that 
calcium carbonate acts similarly to calcium oxide, probably in con- 
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sequence of the liberation of carbon dioxide by the cathode ray bom- 
bardment. Differences of concentration and of calcination temperature 
which might occur in different samples, do not seem to affect this result. 

Summary to Section II. (1.) All the solid solutions with manganese 
or copper as their active metals show luminescence spectra which can 
be resolved into series of component bands characteristic of manganese 
or copper respectively. 

(2.) The solvents determine the position of maximum brightness, and 
in a few cases produce a slight modification in the positions of the bands. 


III. LENARD AND KLATT?T’s SULPHIDES 


The numerous sulphides made by Lenard and Klatt afford a promis- 
ing object of study on many accounts. First, we can rely on a high 
degree of purification in the substance. Second, the intensity of the 
luminescence of the active metal is so great as to make that of possible 
impurities inconsiderable. Third, there are a sufficient number of 
these sulphides to offer a chance for the discovery of important relations. 
Moreover, every spectrum curve obtained by the present author showed 
subordinate crests much more distinct than those obtained by Howes 
(who used a different method of excitation,) so that the work of deter- 
mining the wavelengths was much easier. 

The list on pages 296-297 gives the composition and the main 
characteristics of the Lenard and Klatt sulphides subjected to investi- 
gation. 


SULPHIDE WITH ZINC AS THE ACTIVE METAL 


Sr.Zn.CaF; (L. and K. no. 7) showed a green luminescence with maxi- 
mum brightness at about \=0.53u. Upon resolving this luminescence 
into its component bands two series with intervals of 17.7 and 18.2 
were obtained. These were probably not due to zinc but to some 
impurity, since they differ from those found in other solid solutions of 
zinc, and agree with those found in several samples of zinc sulphides 
and zinc blendes. These series will be discussed in a forthcoming paper. 

The descriptions given above are not always in agreement with those 
published by Lenard and Klatt themselves. There are probably 
several causes for the deviations. One is, the difference in methods of 
excitation. A second is, the possible gradual changes in the course 
of several years in the properties of such highly luminescent substances, 
artificially made. A third is, that in this investigation observation 


*Ph. Lenard & V. Klatt: Ann. d. Phys., 15, pp. 225-282, 633-672; 1904. 
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was restricted to the region in which exact measurements were possible, 
and that the maximum brightness recorded may often be that for this 
region, without being a maximum for the whole spectrum. 

The position of the maxima of brightness seems to change with some 
regularity with the atomic weight of the bases, as shown in Fig. 7 
Of course it is known that the luminescent color of a solid solution 
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varies according to its previous treatment and the concentration of 
the active substance;’ but these causes would not be likely to affect 
the colors of the Lenard and Klatt sulphides, whose treatment and 
history are practically the same. Hence we might expect these sub- 
stances to show some regularity in their properties. In Fig. 7, points 
A and B indicate the probable luminescent color of zinc sulphide with 
copper and manganese, respectively, as active metal, in case the curves 
shown in the figure represent a real relation. The colors expected 


7E. Becquerel: Ann. chim. et phys. 3, 55, pp. 5-119; 1859. A. Verneuil: C. R., 103, 
pp. 600-603; 1886. E. Wiedemann & G. C. Schmidt: Ann. d. Phys. & Chem. 56, pp. 201- 
254; 1895. 
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are green and yellow; which expectation is confirmed to some extent 
by several authors.*® 

Summary to Section III (1) The cathodo-luminescence spectra 
of twenty-seven samples of Lenard and Klatt’s sulphides were studied 
spectro-photometrically. 

(2) Just as in electrolytes, whatever bases may be used, dissolved 
active metals show their characteristics. For each active metal there 
are characteristic series of constant frequency interval. 

(3) Series of this kind were determined for copper and manganese. 
They are the same as those found for these metals in Section IT. 

(4) Series were likewise determined for lead, bismuth, silver and 
antimony. These had not been previously investigated. 

(5) Ina few cases anomalous series are found, which can be obtained 
from the normal series for the metal in question, by the addition of a 
small constant amount to each member. 

(6) The base seems to determine the color of the luminescence. 

(7) The flux has no important effect on the color of the luminescence. 

(8) Except in the case of zinc no indication of impurities could be 
found. If such were present, it was in such a minute percentage as to 
exert little or no influence on the character of the luminescence. 


IV. Sortm SOLuTIONS OF OTHER METALS 


Encouraged by the results obtained so far, the author extended the 
research to thirty-six other metals, which brought the total number 
studied up to forty-two. The metals were usually obtained in the form 
of oxides or oxalates, but sometimes in that of sulphates or of chlorides. 
The bases usually used were calcium carbonate, containing traces of 
manganese, and calcium fluoride, containing traces of manganese and 
samarium. Both of these were made by Kahlbaum. In some cases 
barium sulphide, strontium sulphide, cadmium sulphate, calcium 
sulphate, etc., were used, the impurities being carefully determined 
previous to their use. The luminescence due to the impurities of the 
base was by no means negligible, especially when the total luminescence 
was not very bright; so that it was necessary to remove bands due to 
these impurities from the newly obtained spectrum curves. 

The ratio of the number of atoms of the base to that of those of the 
active metal was between 100:1 and 1000:1; the usual ratio being that 
which was proved by Bruninghaus® to produce the maximum lumines- 

*H. Griine: Ber. chem. Ges., 37, 3, pp. 3076-3077; 1904. E.M. Dougall, A. W. Steward, 


R. Wright: Jour. Chem. Soc. London, 111, pp. 663-683; 1917. 
*M. L. Bruninghaus: C. R., 144, p. 839; 1907. 
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cence of calcium salts with manganese as the active substance; namely, 
250:1. Such solid solutions are rather dilute, but they have this advan- 
tage, that the effect of the impurities of the active agent is necessarily 
almost imperceptible. Nevertheless, in a few cases bands appeared 
which had to be attributed to an impurity of the active metal. 

The calcination was usually done with a gas-blowpipe, but in some 
cases in which the luminescence was faint, an oxyhydrogen flame was 
used. 

The number of the solid solutions studied is too great to permit a 
description of the studies in detail; but the results (including those 
described in preceding sections) are given in the following tables. 


A: TABLE OF INTENSITIES 


Active | Base | Base Base Base Base 
Metal | CaCO; | CaF: | CdSO Srs mag | Otter bases 
a ——_—_|—__— = os a ‘ ae oe 
1. Li v.d. v.d 
2. Be } d. v.d v.d v.d.* CaSO, \ 
MgO v.d 
ZnS d 
3. Na v.d. v.d. v.d. 
4. Mg v.d | m 
5. Al v.d d. v.d } CaSO, \ 
6. K d. v.d 
7. Ca ! d.* 
8. Ti a d 
9. V | m CaAl,O, s 
10. Cr d m.* 
11. Mn',?_ | 
12. Fe v.d. v.d. | v.d. 
13. Ni }  v.d. | vd 
14. Co v.d. d 
15. Cu',? 
16. Zn m. d. 
17. Ga str. } m 
18. Ge m | m. m.* m.* 
19. Rb m. v.d 
20. Sr d m. 
21. Yt m. m. 
22. Zr m. } m. 
23. Nb m. m. 
24. Mo m. m. | 
25. Ag! | | | 
26. Cd v.d. d. 


27. Sn m. 
28. Sb! | 
2 








Da atte, hve aa 


a — 
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A: TABLE oF INTENSITIES—Continued 











Activ Base Base 
Meta | CaCO; CaG, 

30. La d 

1. Ce d. | m 

32. Pr | str. m. 

33. Nd m. | m. 

34. Sa str. | str. 

35. Gd m. m. 

36. Dy str. str. 

7. Ho d | d. 

38. Er str str. 

39. Hg v.d. v.d. 

40. Tl m 

41. Pb 

42. Bil | | 


*With flux Na,SO,. 
i Fe r the se 
2 Additional data for Mn. 


MgSO,, str. Ammonium alum 
+ The 
v.str. 
of observation. 
str. 
m. 


Base CaCQOs, str. 
Additional data for Cu. 
meanings of the abbreviations are as follows: 


@, 


metals, see table in Section III. 














ase Jace ase 
Base Ba e Base | Seles tees 
CdSoO, | SrS BaS_ | 
| | | 
Ksceeimamais mt ia 
v.d. | 
str.* m.* 
d.* d.* ZnS m. 
str.* m.* 
d.* d.* 
str.° m.* 
v.d. 
m.* m.* 
CaSO,, str. Cas(PO,4)o, v. str. ZnSO, m. 


Base CaSOQ,, m. MgSQ,, d. 


Very strong; the luminescent light had to be greatly reduced for purposes 


Strong; the light had to be somewhat reduced. 
Medium; no alteration of intensity necessary. 


d. Dim; the comparison light had to be somewhat reduced. 


v.d. 


Very dim; the comparison light had to be greatly reduced. 


But much weight should not be attached to the intensities given here; since the chief 


purpose of this investigation was to determine the series characteristic of each active metal, 


and hence less attention was paid to the comparison of intensities. 


Moreover, the sub- 


stances used must have differed in condition in various ways. 


B 








1/r 
TABLI Series I [121.8] 
1 5168 1935.0 
Li | 4862 2056.8 
Fee 
Taste | Series I [114.5] 
2 | 5764 1734.8 
G] 5407 1849.3 
5092 1963.8 





nN 


Series 
4590 


Series 
4812 
4560 


1/r 
I cont. 
2178.6 


I cont. 
2078.3 
2192.8 


TABLES SHOWING THE SERIES HAVING CONSTANT FREQUENCY INTERVALS 
Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X10". 
for each series is given in brackets, thus—Series I [121.8].) 


The interval 





N 1/r | 1/r 
Series II [123.6] | Series II cont. 
5250 1904.8 | 4647 2152.0 _ 
4930 2028.4 | 


Series IT [114.5] 
580 1792.1 
245 1906.6 | 


Series II cont. 
4948 2021.1 
4682 2135.6 


wi wn 
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B. 


d 1/r r 1/r oN 1/r r 1/r 
TABLE Series I [70.0] Series I cont. Series II [70.0] Series II cont. 
3 5600 1785.7 5011 1995.7 5492 1820.7 4924 2030.7 
Na 5389 1855.7 4841 2065.7 5289 1890.7 4760 2100.7 
5193 1925.7 5100 1960.7 
TABLE Series I [65.7] Series I cont. Series I cont. Series I cont. 
4 6143 1627.8 5480 1824.9 4946 2022.0 4644 2153.4 
Mg 5905 1693.5 5289 1890.6 4790 2087.7 4506 2219.1 
5684 1759.2 5112 1956.3 
TABLE Series I [59.8] Series I cont. Series I cont. Series I cont. 
5 5843 1711.3 5462 1830.9 5127 1950.5 4831 2070.1 
Al 5646 1771.1 5289 1890.7 4974 2010.3 4695 2129.9 
TABLE Series 1 [46.5] | Series II [46.5] Series IIT [51.2] Series IV [51.2] 
6 | 6010 1663.9 | 5960 1678.0 6085 1643.4 6008 1664.4 
K 5846 1710.4 5799 1724.5 5901 1694.6 5829 1715.6 
5692 1756.9 5647 1771.0 5728 1745.8 5600 1766.8 
5545 1803.4 5502 1817.5 5565 1797.0 5501 1818.0 
5405 1849.9 5365 1864.0 5411 1848.2 5350 1869.2 
5273 1896.4 5234 1910.5 5265 1899.4 5207 1920.4 
5147 1942.9 5110 1957.0 5127 1950.6 5072 1971.6 
5027 1989.4 4991 2003.5 4996 2001.8 4944 2022.8 
4912 2035.9 4878 2050.0 4871 2053.0 4822 2074.0 
4802 2082.4 4770 2096.5 4752 2104.2 4705 2125.2 
4697 2128.9 
TABLE Series I [42.6] Series II [42.6] Series IIT [48.7] Series IV [48.7] 
7 5724 1747.0 5778 1730.7 5810 1721.2 5862 1705 8 
Ca 5588 1789.6 5639 1773.3 5650 1769.9 5700 1754.5 
5458 1832.2 5507 1815.9 5499 1818.6 5546 1803.2 
5334 1874.8 5381 1858.5 5355 1867.3 5400 1851.9 
5215 1917.4 5260 1901.1 5219 1916.0 5261 1900.6 
5102 1986.3 5145 1943.7 5090 1964.7 5130 1949.3 
5034 1986.3 5005 1998.0 
TABLE Series I [42.4] Series I cont. Series II [42.4] Series II cont. 
& 5286 1891.8 4851 2061.4 5227 1913.0 4802 2082.6 
Ti 5170 1934.2 4753 2103.8 5114 1955.4 4706 2125.0 
5059 1976.6 4659 2146.2 5006 1997.8 4614 2167.4 
4953 2019.0 4569 2188.6 4901 2040.2 4525 2209.8 


(Throughout these tables \ is measured in A.U. and 1/d in 1/A.U.X10". 
for each series is given in brackets, thus 
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TABLES SHOWING THE SERIES HAVING CONSTANT FREQUENCY INTERVALS—Continued 





SeriesI [121.8.]) 


The interval 
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B. TABLES SHOWING THE SERIES HAVING CONSTANT FREQUENCY INTERVALS—Contlinued. 
| (Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X10’. The interval 
for each series is given in brackets, thus+—Series I (121. 8.]) 
, ;} » 1m | wv» IA » If hn I” 
TABLE Series I [39.2] Series IT [39.2] Series III [40.5] Series TV [40.5] 
9 5334 1874.7 5226 1898.8 5312 1882.6 5295 1888.6 
\ 5225 1913.9 5160 1938.0 5200 1923.1 5184 1929.1 
5120 1953.1 5058 1977.2 5093 1963.6 4975 2010.1 
5019 1992.3 4959 2016.4 4990 2004.1 4877 2050.6 
4922 2031.5 4865 2055.6 4891 2044.6 4782 2091.1 
4829 2070.7 #774 2034.8 4796 2085.1 4691 2131.6 
4740 2109.9 4685 2134.0 4705 2125.6 4604 2172.1 
4653 2149.1 4617 2166.1 
TABLE Series I [36.4] | Series II [36.4] Series III [42.3] Series IV [42.3] 
10 6306 1585.7 | 6235 1603.9 6342 1576.8 6256 1598.5 
Cr 6165 1622.1 | 6096 1640.3 6176 1619.1 | 6095 1640.8 
6030 1658.5 5964 1676.7 6019 1661.4 5941 1683.1 
5900 1694.9 | 5837 1713.1 5870 1703.7 5796 1725.4 
5776 1731.3 | 5716 1749.5 5726 1746.0 5657 1767.7 
5657 1767.7 5599 1785.9 5592 1788.3 5525 1810.0 
5543 1804.1 | 5488 1822.5 5463 1830.6 5399 1852.3 
5433 1840.5 5380 1858.7 5339 1872.9 5278 1894.6 
5328 1876.9 5277 1895.1 5221 1915.2 5163 1936.9 
$227 1913.3 $177 1931.5 5108 1957.5 5052 1979.2 
5129 1949.7 5082 1967.9 5000 1999.8 4947 2021.5 
5035 1986.1 4989 2004.3 4897 2042.1 4845 2063.8 
4944 2022.5 4900 2040.7 4798 2084.4 4748 2106.1 
4857 2058.9 4814 2077.1 4702 2126.7 
TABLE Series I [34.0] | Series IT [34.0] Series IIT [42.0] Series IV [42.0] 
11 6649 1504 | 6570 1522 6645 1505 6544 1528 
Mn 6502 1538 | 6427 1556 6464 1547 6369 1570 
6361 1572 | 6289 1590 6293 1589 6203 1612 
6227 1606 6158 1624 6131 1631 6046 1654 
6098 1640 6031 1658 5977 1673 5896 1696 
5974 1674 5910 1692 5831 1715 5754 1738 
5855 1708 | 5794 1726 5691 1757 5618 1780 
5741 1742 | 5682 1760 5559 1799 5488 1822 
5631 1776 5574 1794 5432 1841 5365 1864 
5525 1810 5470 1828 5311 1883 5247 1906 
5423 1844 5371 1862 5195 1925 5133 1948 
5325 1878 5274 1896 5084 1967 5025 1990 
5220 1912 5181 1930 4978 2009 4921 2032 
$139 1946 5092 1964 4874 2051 4822 2074 
5051 1980 5005 1998 4778 2093 4726 2116 
4965 2014 4921 2032 4684 2135 4634 2158 
4883 2048 4840 2066 4593 2177 4545 2200 
4803 2082 4762 2100 4507 2219 
4726 2116 4686 2134 
4651 2150 4613 2168 
4579 2184 4541 2202 
i. 4509 2218 
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B. TAsLes SHOWING THE SERIES HAVING CONSTANT FREQUENCY INTERVALS—Cont nued 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X107. The interyal 
for each series is given in brackets, thus—Series I [121 .8].) 








} 


» 1/r N 1/r IN 1/r 


TaBLE| Series I [37.4] | Series I cont. Series IT [37.4] | Series If cont 
12 | 6070 1647.5 5137 1946 6002 1656.2 | S088 1965 
Ee | 5935 1684.9 | 5040 1984 5870 1703.6 | 4993 2002 
5806 1722. 4947 2021.5 1741.0 | 4901 2040 

| 5683 1759. 4857 2058 1778.4 | 4813 2077 

5564 1797. 4770 2096 1815.8 | 4728 2415 

5451 1834 4687 2133. 1853.2 | 4646 2152 

5342 1871 4606 2171 1890.6 | 4567 2189 

4528 2208 1928.0 | 4490 2227 


eel 


“ue sw OoOue ss 


wooure sw 


Series I cont. Series IT [36.7] Series IT cont 
5216 1917.1 | 4938 2025.1 5268 1898.2 | 4979 2008 
5120 1953.1 | 4852 2061.1 5168 1934.9 | 4890 2045 
5027 1989.1 | 4768 2097.1 5072 1971.6 | 4804 2081 7 


Series 1 [32.2] | Series I cont. Series II [32.2] Series II cont 
5278 1894.7 4864 2055.7 5233 1910.8 | 4827 2071 
5190 1926.9 4789 2087.9 5147 1943.0 | 4753 2104 
5104 1959.1 4717 2120.1 5063 1975.2 4681 2136.2 
5022 1991.3 4646 2152.3 4982 2007.4 4612 2168 
4942 2023.5 4903 2039.6 


5268 1898.1 | 5056 1977.9 4860 2057.7 
5160 1938.0 | 4956 2017.8 4767 2097.6 


4678 2137.5 


! 
| 
} 
Series III [39.9] | Series IIT cont. Series III cont. | Series III cont 
| 


Series 1 [34.0] | Series I cont. Series II [34.0] | Series II cont 
6309 1585 5195 1925 6242 1602 |} $149 1942 
6177 1619 5105 1959 6112 1636 | 5060 1976 
6050 1653 5018 1993 5988 1670 |} 4975 2010 
5928 1687 4933 2027 5 1704 4892 2044 
5811 1721 4852 2061 5754 1738 4812 2078 

1755 | 4773 2095 - 1772 | 4735 2112 
1789 4697 2129 oe 1806 | 4660 2146 
1823 4623 2163 5435 1840 | 4587 2180 
| 538 1857 4552 2197 53. 1874 | 4517 2214 
| 5288 1891 | 4482 2231 : 1908 


| 


OO — -— ,; —-—-— —_ 


TABLE | _ Series I [32.6] Series I cont. Series IT [32.6] Series II cont 
16 | 5385 1857.0 4872 2052 5440 1838.3 | 4917 2033.9 
5292 1889.6 4796 2085. 5345 1870.9 | 4839 2066.5 

| 5202 1922.2 | 4722 2117 5254 1903.5 | 4764 2099.1 
5115 1954.8 | 4650 21504 5165 1936.1 | 4691 2131.7 

5032 1987.4 4581 2183.0 5079 1968.7 | 4620 2164.3 

4950 2020 4513 2215.6 4907 2001.3 | 4552 2196.9 
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B. TABLES SHOWING THE SERIES HAvING ConSTANT FREQUENCY INTERVALS—Contlinucd. 


(Throughout these tables \ is measured in A.U. and 1/d in 1/A.U.X 10". 


for each series is given in brackets, thus—SeriesI [121 .8].) 


The interval 








TABLE 


d 1/r 


Series I [30.2] 
5466 1829.4 
5377 1859.6 
5292 1889.8 
5208 1920.0 
5128 1950.2 


Series ITI [30.2] 
5407 1849.3 
5321 1879.5 
5236 1909.7 


Series I [28.4] 
6399 1562.7 
6285 1591.1 
6175 1619.5 
6068 1647.9 
5966 1676.3 
5866 1704.7 
Series I [25.6] 
5514 1813.6 
5437 1839.2 
5363 1864.8 
5290 1890.4 
5219 1916.0 
5150 1941.6 
5083 1967.2 
5018 1992.0 
4854 2018.4 
4892 2044.0 
4832 2069.6 
4773 2095.2 
4715 2120.8 
4659 2146.4 
4604 2172 0 
4550 2197.6 
$498 2223.2 








| 


1/r 
I cont. 
1980.4 
2010.6 
2040.8 
2071.0 
2101.2 


Series 
5049 
4974 
4900 
4829 
4759 


Series III cont. 


1939.9 
1970.1 
2000 .3 


5155 
5076 


4999 


I cont. 
1733.1 
1761.5 
1789.9 
1818.3 
1846.7 
1875.1 


Series 


nu 
a = 
<3 s) 
a) 


3 


uw 
- 


= 


wun: 


ies IT [25.6] 
1826.4 
1852 
1877. 
1903 
1928 
1954 
1980 
2005 
2031.2 
2056 
2082 
2108. 
2133. 
2159. 
2184 
2210 





1/r 


Series IT [30. 
5427 1842 
5340 1872 
5255 1902.9 
5173 1933.1 
5093 1963.3 


2] 
5 
7 


Series III cont. 
4925 2030.5 
4853 2060.7 


Series II [28.4] 


6341 
6229 
6121 
6016 
5915 


5818 


1576.9 
1605.3 
1633.7 
1662 
1690.5 
1718.9 
Series ITI [25.6] 
5540 1805.0 
5463 1830.6 
5387 1856 
5314 1881. 
5243 1907 
5173 1933 
5106 1958 
5040 1984. 
4976 2009 
4913 2035 
4852 2061. 
4792 2086 
4734 2112 
4678 2137 
4622 2163 
4568 2189 
4515 2214 


r 

Series II cont. 
5016 1993.5 
4941 2023.7 
4869 2053.9 
4798 2084.1 
4730 2114.3 





Series III cont. 
4783 2090.9 
4714 2121.1 


Series IT cont. 
5723 1747.3 
5631 1775.7 
5543 1804.1 
5457 1832.5 
5374 1860.9 
5293 1889.3 
Series IV [25.6] 
5501 1817.8 
5425 1843.4 
5351 1869.0 
5278 1894.6 
5208 1920.2 
5139 1945.8 
5072 1971.4 
5008 1997.0 
4944 2022.6 
4882 2048.2 
4822 2073.8 
4763 2099.4 
4706 2125.0 
4650 2150.6 
4595 2176.2 
4542 2201.8 
4489 2227.4 
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TABLES SHOWING THE SERIES HAvinc ConsTANT FREQUENCY INTERVALS—Continued. 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X 10". 
for each series is given in brackets, thus—Series I [121.8].) 


The interyal 








P 


1/r 


1/r 





6112 
6029 
5948 
5870 
5793 
5719 
5646 
5575 
5506 
5439 
5373 
5309 
5246 
5185 
5125 
5067 
5010 
4954 
4899 
4846 
4794 
4742 
4692 
4643 
4595 
4548 
4502 


1636 
1658. 
1681. 
1703. 
1726 

1748. 
1771. 
1793. 
1816. 
1838 
1861 
1883 
1906 
1928. 
1951 
1973. 
1996 
2018 
2041 
2063 
2086. 
2108 
2131 
2153. 
2176 
2198. 
2221 


MNYRANRADH ADNAN ATH 


Series I [22.5] 


“IN “SN STN sb Ss tS os fb 


‘S) 


Series II [22.5] 
6070 1647. 
5988 1669. 
5909 1692. 
5831 1714 
5756 1737. 


5756 
5682 1759. 
1782. 


5610 

5540 1804 

5472 1827 
1849 
1872. 
1894. 
1917 
1939. 
1962 
1984 
2007. 
2029. 
2052. 
2074. 
2097 . 
2119 
2142. 
2164 
2187. 
2209.9 


CrCoecroe 


PORCH COR OCH 


r 
Series 
6109 
6008 
5911 
5816 
5725 
5636 
5550 
5466 
5385 
5307 
5231 
5156 
5084 
5014 
4946 
4880 
4815 
4752 
4691 
4631 
4573 
4516 


1/r 





II [27.5 


1636. 


1664. 
1691. 


1719 
1746 
1774. 
1801 


1829. 


1856. 
1884 
1911 
1939 
1966 
1994 


2021. 
2049. 


2076 
2104 
2131 
2159. 
2186. 
2214. 


1650.6 
1678.1 
1705 
1733 
1760 
1788 
1815 
1843 
1870.6 
1898 
1925. 
1953. 
1980.6 
2008. 
2035 
2063 
2090 
2118 
2145 
2173 
2200 6 





6308 
6220 
6135 
6053 
5972 
5893 
5817 
5742 
5670 
5599 
5530 
5463 
5397 
5333 
5270 





Series I [22.: 


1585. : 


1607. 
1629. 
1652. 
1674 


1696.8 


1719 

1741. 
1763. 
1786. 
1808. 
1830. 
1852. 
1875. 


1897.: 





Series I cont. 
5209 1919.8 
5149 1942.1 
5091 1964.4 
5033 1986.7 
4978 2009.0 
4923 2031.3 
4869 2053.6 
4817 2075.9 
4766 2098.2 
4716 2120.5 
4667 2142.8 
4619 2165.1 

2187.4 

2209.7 


4572 
4525 





Series 
6292 
6197 
6105 
6016 
5929 
5845 
5763 
5684 
5606 
5531 
5458 
5386 
5317 
5249 


5183 
5118 
5055 
4994 
4934 
4876 
4819 
4763 
4708 
4655 
4603 
4552 
4502 





Series II cont. 


1929 5 
1953.8 
1978 
2002 
2026 
2051 
2075.3 
2099 
2123 
2148 
2172.5 
2196. : 
2221 
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B. TABLES SHOWING THE SERIES Havinc ConsTANT FREQUENCY INTERVALS—Continued. 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X10". The interval 
for each series is given in brackets, thus—Series I [121.8].) 








————— 


1/r N 1/r r 1/r r 1/r 





Series I [22.7 Series I cont. Series LI [24.2] Series II cont. 
5342 4869 2053.6 5387 1856.: 4878 2049.9 
5278 ; 4816 2076.3 5318 1880: 4821 2074.1 
5215 4764 2099.0 5250 1904. 4766 2098.3 
5154 4713 2121.7 5184 1928. 4711 2122.5 
5095 1962.8 4663 2144.4 5120 1953. 4658 2146.7 
5037 1985.5 4614 2167.1 5057 1977.: 4606 2170.9 
4980 2008.2 4567 2189.8 4996 2001. 4556 2195.1 
4924 2030.9 4937 2025. 4506 2219.3 





TABLE Series I [21.5] Series I cont. Series UI [25.! Series II cont. 
23 $411 1848.2 4898 2041. 5429 1841. 4888 2045.9 
Ni 5348 1869.7 | 4847 2063 5355 1867 4828 2071.4 
5288 | 4797 2084 5283 1892 4769 2096.9 
5228 4748 2106 5213 1918. 4712 2122.4 
5170 193 4700 2127. 5144 1943 4656 2147.9 
5113 1955. 4653 2149. 5078 1969 4601 2173.4 
5058 4607 2170 5013 1994 4548 2198.9 
5003 4562 2192 4950 2020 
4950 


“I 


NNN ™ NO ™ DO 





TABLE Series I [20.9] Series IT [20.9 Series ITT [23.6] Series IV [23.6] 
5484 1823. 5453 1833.7 5485 1823 5450 1834.9 
5422 1844 5392 1854 5415 1846.7 5381 1858.5 
5362 1865 5332 1875 5347 1870.:; 5313 1882.1 
5302 1886 5273 1896. 5280 1893. 5247 1905.7 
5244 1906. 5216 1917 5215 1917.5 5183 1929.3 
5187 1927 5159 1938 5152 1941. 5121 1952.9 
5132 1948 5104 1959 5090 1964. 5059 1976.5 
5077 1969 5050 1980. 5029 1988.: 5000 2000.1 
5024 1990.5 4998 2000 4970 2011. 4941 2023.7 
4972 2011.4 4946 2021 4913 2035.5 4884 2047.3 
4921 2032.3 4895 2042. 4856 2059. 4829 2070.9 
4870 2053.2 4846 2063. 4801 2082. 4774 2094.5 
4821 2074.1 4797 2084. 4748 2106.: 4721 2118.1 

0 

9 

8 

7 





~eooORN & 
as 


a 
Ser SCORPN WRU 


4773 2095 4750 2105 4695 2129. 4669 2141.7 
4726 2115 4703 2126. 4644 2153.5 4618 2165.3 
4680 2136 4657 2147. 
4635 2157 4612 2168 
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B. TABLes SHOWING THE SERIES Havinc Constant FREQUENCY INTERVALS 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X 107. 


T. TANAKA 
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for each series is given in brackets, thus—SeriesI [121 .8].) 


Continued 
The interyal 








TABLE 
26 
Cd 


| 





| 
| 
| 
| 
| 
| 
| 
| 
| 


1/r 


Series I [21.2] 
5873 1702.6 
5801 1723. 
1745 
1766 
1787 
1808 
1829. 
1851. 
1872 
1893 
1914 
1935 
1957. 


wn 
ans 
a Ww 
Ne 


aww 
mu 
A 
oS 
wn 


Series I [18.7] 
5686 1758 
5640 1777; 
5568 1796 
5511 1814 
5454 


1833 
5399 1852. 
5345 


1870.5 
5292 1889 
5241 


1908 


1/r 
Series I cont. 
5055 1978 
5001 1999 
4949 2020 
4898 2041 
4847 2063 
4798 2084 
4750 2105 
4702 2126 
4656 2147.5 
4610 2169 
4566 2190.2 
4522 2211.4 


Series I cont. 
5190 1926.9 
5140 1945.6 
5091 1964.3 
5043 1983.0 
4996 2001.7 
4950 2020.4 
4904 2039.1 
4857 2058.8 
4816 2076.5 





TABLE 


= 
27 


Sn 


| 


| 
| 


Series I [19.9] 
5863 1705.5 
5796 1725.4 
5730 1745.3 
5665 1765.2 
5602 1785.1 
5540 1805.0 
5480 1824.9 
5421 1844.8 
5363 1864.7 
5306 1884 

5251 1904.5 
5197 1924 


Series I cont. 
5143 1944.; 
5091 1964. 
4990 2004 
4941 2023 
4893 2043.5 
4846 2063 
4799 2083. 
4754 2103.5 
4709 2123 
4666 2143.; 
4623 2163. 
4581 2183 





» 1/r 


Series LI [21.2] 


5914 
5841 
5769 


5700 


1690.9 
1712.1 
1733 
1754.§ 
1775 
1796 
1818 
1839. 
1860: 
1881 
1902 
1924. 
1945. ; 


Series If [22.6] 
5685 175) 
5613 1781 
1804 
1826 
1849. 
1872 
1894 
1917 


wane uw Ow = 


Series I [20.6] 
5861 1706.1 
5791 1726.8 
5723 1747 
1768 
1788 
1809 
1829 
1850 
1871 
1891 
1912 
1932 


5656 
5591 


' 

> uv 
Sas 
> an 


su 


a 
— 


wmwowonoaoao 
== NM Ww 

“Iw © 

— 





| 
| 
| 


ss 


| 
| 
| 
| 
| 


| 


Series II cont 
5085 19665 
5031 1987 

4978 
4926 
4875 
4825 
4776 
4728 
4681 
4635 
4590 
4546 


2008 
2030 
2051.3 
2072.! 
2093 
2114 
2136 
2157.3 
2178: 


2199 


Series II 
1939 
1962.5 
1985 
2007 


5155 
5096 
5038 
4981 
4925 
4871 
4818 


2030 3 
2052 


2075.5 


Series II co 
5119 1953 
5066 1974 
5014 1994 
4962 2015.2 
4912 2035 
4863 
4815 
4767 
4721 
4675 
4631 
4587 


2056 
2077 
2097 
2118 
2138 
2159 


2180 
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B. TABLES SHOWING THE SERIES Havinc Constant FREQUENCY INTERVALS—Continued. 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X10". The interval 
for each series is given in brackets, thus—Series I [121 .8].) 








N 1/r | r 1/r r 1/r r 1/r 





Series I [19.1] Series I cont. Series I cont. Series I cont. 
5456 1832.8 5345 1871.0 5238 1909.2 5135 1947.4 
5400 1851.9 5291 1890.1 5186 1928.3 5085 1966.5 





Series II [21.2] Series II cont. Series II cont. Series IT cont. 
5387 1856.3 5152 1941.1 4936 2025.9 4786 2089.5 
5326 1877.5 5096 1962.3 4885 2047.1 4738 2110.7 
5267 1898.7 5042 1983.5 4835 2068.3 4691 2131.9 
5209 1919.9 4988 2004.7 
TABLE Series I [19.9] Series I cont. Series 

29 6319 1582 5316 1881.1 6305 

Ba 6240 1602. 5260 1901.0 6226 
6164 1622 5206 1920.9 6148 
6089 1642 1940.8 6072 
6016 1662. 1960.7 5999 
5945 1682 1980.6 
5875 1702 2000.5 
5807 1721. 2020 .4 
5741 1741 2040.3 
5676 1761 2060 .2 
5613 1781 2080.1 
5551 1801 2100.0 
5490 1821 2119.9 
5431 1841 2139.8 
5373 1861 





Series II cont. 
5347 1870.1 
5290 1890.4 
5234 1910.7 
5179 1931.0 
$125 1951.3 
5072 1971.6 
5020 1991.9 
4970 2012.2 
4920 2032.5 
4871 2052.8 
4824 2073.1 
4777 2093.7 
4731 2113.7 
4686 2134.0 


= 


wo 











seo COF NR ww & 


wma 
Dar oawonkhPeHwtunes 


nw 


TaBLE| Series I [19.6] Series I cont. IT [19.6] Series II cont. 
30 5860 1706: | 5099 1961.3 ; 1715.6 5075 1970.4 
La | 5793 1726 5048 1980.9 1735.2 5025 1990.0 

5728 1745 4999 2000.5 1754 4976 2009.6 
5665 1765.3 4950 2020.1 56. 1774 4928 2029.2 
5602 1784 4903 2039.7 1794. 4881 2048.8 
5542 1804: 4856 2059.3 5: 1813 4835 2068.4 
5482 1824 4810 2078.9 5455 1833 4789 2088.0 
5424 1843 4765 2098.5 1852 4745 
5367 1863.3 4721 2118.1 53 1872 4701 
5311 1882 4678 2137.7 5285 1892 4658 
5256 1902.: 4636 2157.3 52: 1911. 4616 
5203 1922 4594 2176.9 4575 
5150 1941 | 4553 2196.5 : 1950 8 4534 





or, 


Ra OF ONO 

















310 


T. TANAKA 


[J.0.S.A. & R.S.1., 8 


B. TABLES SHOWING THE SERIES Havinc ConsTANT FREQUENCY INTERVALS—Continyed. 


(Throughout these tables \ is measured in A.U. and 1/d in 1/A.U. X10". 


for each series is given in brackets, thus—Series I [121 .8].) 


























r ifr rd 1/r 1/r 1/r 
TABLE Series I [17.2] Series I cont. Series I cont. Series I cont. 
31 6270 1594.8 5716 1749.6 5251 1904.4 4856 2059.2 
Ce 6203 1612.0 5660 1766.8 5204 1921.6 4816 2076.4 
6138 1629.2 5605 1784.0 5158 1938.8 4776 2093.6 
6074 1646.4 5552 1801.2 5112 1956.0 4738 2110.8 
6011 1663.6 5499 1818.4 5068 1973.2 4699 2128.0 
5950 1680.8 5448 1835.6 5024 1990.4 4662 2145.2 
5890 1698.0 5398 1852.8 4981 2007.6 4624 2162.4 
5830 1715.2 5348 1870.0 4939 2024.8 4588 2179 6 
5772 1732.4 5299 1887.2 4897 2042.0 
Series II [22.3] Series II cont. Series II cont. Series II cont 
6250 1600.1 5694 1756.2 5229 1912.3 4835 2068.4 
6164 1622.4 5623 1778.5 5169 1934.6 4783 2090.7 
6080 1644.7 5553 1800.8 5110 1956.9 4733 2113.0 
5999 1667.0 5485 1823.1 5053 1979.2 4683 2135.3 
5920 1689.3 5419 1845.4 4996 2001.5 4635 2157.6 
5842 1711.6 5354 1867.7 4941 2023.8 4587 2179.9 
5767 1733.9 5291 1890.0 4887 2046.1 
TABLE Series I [17.0] Series I cont. Series I cont. Series I cont 
32 5892 1697.2 5455 1833.2 5078 1969.2 4750 2105.2 
Pr 5834 1714.2 5405 1850.2 5035 1986.2 4712 2122.2 
5776 1731.2 5356 1867.2 4992 2003.2 4675 2139.2 
5720 1748.2 5307 1884.2 4950 2020.2 4638 2156.2 
5665 1765.2 5260 1901.2 4909 2037.2 4602 2173.2 
5611 1782.2 5213 1918.2 4868 2054.2 4566 2190.2 
5558 1799.2 5167 1935.2 4828 2071.2 4531 2207.2 
5506 1816.2 5122 1952.2 4789 2088.2 4496 22242 
Series II [21.8] Series II cont. Series II cont. Series II cont 
5880 1700.7 5460 1831.5 5096 1962.3 4778 2093.1 
5806 1722.5 5396 1853.3 5040 1984.1 4728 2114.9 
5733 1744.3 5333 1875.1 4985 2005 4680 2136.7 
5662 1766.1 5272 1896.9 4932 2027.7 4633 2158.5 
5593 1787.9 5212 1918.7 4879 2049.5 4587 2180.3 
5526 1809.7 5153 1940.5 4828 2071.3 4541 2202.1 





The interval 

















Fe 
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Rk. TasLes SHOWING THE SERIES HAviInG CONSTANT FREQUENCY INTERVALS—Continued. 














(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.10". The interval 
for each series is given in brackets, thus—SeriesI [121 .8].) 
A 1/r aN 1/A r 1/r A 1/r 
TABLE Series I [18.3] Series I cont. Series II [20.1] Series II cont. 

33 5983 1671.4 5091 1964.2 5969 1675.3 5059 1976.8 

Nd 5918 1689.7 5044 1982.5 5898 1695.4 5008 1996.9 
5855 1708.0 4998 2000.8 5829 1715.5 4958 2017.0 
5793 1726.3 4953 2019.1 5762 1735.6 4909 2037.1 
5732 1744.6 4908 2037.4 5696 1755.7 4861. 2057.2 
5672 1762.9 4864 2055.7 5631 1775.8 4814 2077.3 
5614 1781.2 4822 2074.0 5568 1795.9 4768 2097.4 
5557 1799.5 4779 2092.3 5507 1816.0 4723 2117.5 
5501 1817.8 4738 2110.6 5446 1836.1 4678 2137.6 
5446 1836.1 4697 2128.9 5387 1856.2 4634 2157.7 
5393 1854.4 4657 2147.2 5330 1876.3 4592 2177.8 
5340 1872.7 4618 2165.5 5273 1896.4 4550 2197.9 
5288 1891.0 4579 2183.8 5218 1916.5 4509 2218.0 
5238 1909.3 4541 2202.1 5164 1936.6 4468 2238.1 
5188 1927.6 4504 2220.4 5111 1956.7 ' 
5139 1945.9 4467 2238.7 

TABLE Series I [16.7] Series I cont. Series I cont. Series I cont. 

34 6336 1578.4 5729 1745.4 5229 1912.4 4809 2079.5 

Sa 6269 1595.1 5675 1762.1 5183 1929.2 4780 2096.2 
6204 1611.8 5622 1778.8 5139 1945.9 4733 2112.9 
6141 1628.5 5569 1795.5 5095 1962.6 4696 2129.6 
6078 1645.2 5518 1812.2 5052 1979.3 4659 2146.3 
6017 1661.9 5468 1828.9 5010 1996.0 4623 . 2163.0 
5957 1678.6 5418 1845.6 4968 2012.7 4588 2179.7 
5899 1695.3 5370 1862.3 4928 2029.4 4553 2196.4 
5841 1712.0 5322 1879.0 4887 2046.1 4519 2213.1 
5785 1728.7 5275 1895.7 4848 2062.8 





Series II [20.8] 
6278 1592.9 
6197 1613.7 
6118 1634.5 
6041 1655.3 
5966 1676.1 
5893 1696.9 
$822 1717.7 
5752 1738.5 





Series II cont. 
5684 1759.3 
5618 1780.1 
5553 1800.9 
5489 1821.7 
5427 1842.5 
5367 1863.3 
5308 1884.1 
5250 1904.9 





Series II cont. 
5193 1925.7 
5137 1946.5 
5083 1967.3 
5030 1988.1 
4978 2008.9 
4927 2029.7 
4877 2050.5 
4828 2071.3 





Series II cont. 
4780 2092.1 
4733 2112.9 
4687 2133.7 
4641 2154.5 
4597 2175.3 
4553 2196.1 
4511 2216.9 
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B. TABLES SHOWING THE SERIES Havinc ConsTANT FREQUENCY INTERVALS—Continued. 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X10". The interval E 
for each series is given in brackets, thus—Series I [121 .8].) 



































» 1/r N 1/r PN 1/r r 1/r ; 
TABLE Series I [18.6] Series I cont. Series II [18.6] Series II cont. 
35 5824 1716.9 5057 1977.3 $797 1725.1 5036 1985.5 
Gd 5762 1735.5 5010 1995.9 5735 1743.7 4990 2004.1 
5701 1754.1 4964 2014.5 5674 1762.3 4944 2022.7 
5641 1772.7 4919 2033.1 5615 1780.9 4899 2041 3 
5583 1791.3 4874 2051.7 "5557 1799.5 4854 2059.9 
5525 1809.9 4830 2070.3 5500 1818.1 4811 2078.5 
5469 1828.5 4787 2088.9 5444 1836.7 4768 2097.1 
5414 1847.1 4745 2107.5 5390 1855.3 4727 2115.7 
5360 1865.7 4704 2126.1 5336 1873.9 4685 2134.3 
5307 1884.3 4663 2144.7 5284 1892.5 4645 2152.9 
5255 1902.9 4622 2163.3 5233 1911.1 4605 2171.5 
5204 1921.5 | 4583 2181.9 5182 1929.7 4566 2190.1 
5154 1940.1 | 4544 2200.5 5133 1948.3 4528 2208.7 
5105 1958.7 4506 2219.1 5084 1966.9 
TABLE Series I’[18.2] Series I cont. Series II [18.2] Series IT cont. 
36 6312 1584.4 5280 1893.8 6275 1593.5 5306 1884.7 
Dy 6240 1602.6 5230 1912.0 6205 1611.7 5255 1902.9 
6170 1620.8 $181 1930.2 6135 1629.9 5205 1921.1 
6101 1639.0 | 5133 1948.4 6068 1648.1 | 5157 1939.3 
6034 1657.2 | 5085 1966.6 6001 1666.3 | $109 1957.5 
5969 1675.4 | 5038 1984.8 5936 1684.5 | $062 1975.7 
5905 1693.6 | 4993 2003.0 $873 1702.7 5015 1993.9 
| $842 1711.8 | 4947 2021.2 5811 1720.9 | 4970 2012.1 
| 5780 1730.0 | 4903 2039.4 5750 1739.1 | 4925 2030.3 
| 5720 1748.2 | 4860 2057.6 5691 1757.3 | 4882 2048.5 
| $661 1766.4 4817 2075.8 5632 1775.5 | 4839 2066.7 
| $603 1784.6 | 4776 2094.0 5575 1793.7 4796 2084.9 
| $547 1802.8 | 4734 2112.2 5519 1811.9 4755 2103.1 
| $491 1821.0 | 4694 2130.4 5464 1830.1 4714 2121.3 
5437 1839.2 | 4654 2148.6 5410 1848.3 4674 2139.5 
5384 1857.4 | 4615 2166.8 5358 1866.5 4634 2157.7 
5332 1875.6 | 
| 
TABLE Series I [18.6] Series I cont. Series I cont. Series I cont 
37 6011 1663.5 | 5575 1793.7 5198 1923.9 4868 2054.1 
Ho 5945 1682.1 | 5518 1812.3 5148 1942.5 4825 2072.7 
| 5880 1700.7 | 5462 1830.9 5099 1961.1 4782 2091.3 
5816 1719.3 | 5407 1849.5 5051 1979.7 4740 2109.9 
5754 1737.9 | 5353 1868.1 5004 1998.3 4698 2128.5 
5693 1756.5 | 5300 1886.7 4958 2016.9 4657 2147.1 
5633 1775.1 | 5249 1905.3 4913 2035.5 4617 2165.7 
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B. TABLES SHOWING THE SERIES HavinGc CONSTANT FREQUENCY INTERVALS—Continued. 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X107. The interval 
for each series is given in brackets, thus—Series I [121 .8].) 









































» 1/r r 1/r 1/r rN 1/r 
TABLE Series I [18.3] Series I cont. Series II [18.3] Series II cont. 
38 6313 1584.0 5226 1913.4 6275 1593.6 5200 1923.0 
Er 6241 1602.3 5177 1931.7 6204 1611.9 5151 1941.3 
6171 1620.6 5128 1950.0 6134 1630.2 5103 1959.6 
6102 1638.9 5081 1968.3 €056 «1648.5 5056 1977.9 
6034 1657.2 5034 1986.6 5999 1666.8 5009 1996.2 
5968 1675.5 4988 2004.9 5934 1685.1 4964 2014.5 
5904 1693.8 4943 2023.2 5871 1703.4 4919 2032.8 
5841 1712.1 4898 2041.5 5808 1721.7 4875 2051.1 
5779 1730.4 4855 2059.8 5747 1740.0 4832 2069.4 
5718 1748.7 4812 2078.1 5687 1758.3 4790 2087.7 
5659 1767.0 4770 2096.4 5629 1776.6 4748 2106.0 
5601 1785.3 4729 2114.7 5571 1794.9 4707 2124.3 
5544 1803.6 4688 2133.0 5515 1813.2 4667 2142.6 
5489 1821.9 4648 2151.3 5460 1831.5 4628 2160.9 
5434 1840.2 4609 2169.6 5406 1849.8 4589 2179.2 
5381 1858.5 4570 2187.9 5353 1868.1 4551 2197.5 
5328 1876.8 4533 2206.2 5301 1886.4 4513 2215.8 
5277 1895.1 5250 1904.7 
TABLE Series I [17.1] Series I cont. Series II [18.0] Series II cont. 
39 5822 1717.5 5248 1905.6 5827 1716.1 5224 1914.1 
Hg 5765 1734.6 5201 1922.7 5767 1734.1 5176 1932.1 
5709 1751.7 5155 1939.8 5707 1752.1 5128 1950.1 
5654 1768.8 5110 1956.9 5650 1770.1 5081 1968.1 
5599 1785.9 5066 1974.0 5593 1788.1 5035 1986.1 
5546 1803.0 5022 1991.1 5537 1806.1 4990 2004.1 
5494 1820.1 4980 2008.2 5482 1824.1 4945 2022.1 
5443 1837.2 4938 2025.3 5429 1842.1 4902 2040.1 
5393 1854.3 | 4896 2042.4 5376 1860.1 4859 2058.1 
5343 1871.4 4860 2059.5 5325 1878.1 4817 2076.1 
5295 1888.5 4816 2076.6 5274 1896.1 4775 2094.1 
TABLE Series I [17.4] Series I cont. Series I cont. Series I cont. 
40 6272 1594.3 5711 1750.9 5242 1907.5 4845 2064.1 
Tl 6205 1611.7 5655 1768.3 5195 1924.9 | 4804 2081.5 
6138 1629.1 5600 1785.7 5148 1942.3 | 4764 2098.9 
6073 1646.5 5546 1803.1 5103 1959.7 4725 2116.3 
6010 1663.9 5493 1820.5 5058 1977.1 4687 2133.7 
5948 1681.3 5441 1837.9 5014 1994.5 4649 2151.1 
5887 1698.7 5390 1855.3 4970 2011.9 | 4611 2168.5 
5827 1716.1 5340 1872.7 4928 2029.3 4577 2184.9 
5769 1733.5 5291 1890.1 4886 2046.7 | 
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B. Tasies SHOWING THE SERIES HAavinG CONSTANT FREQUENCY INTERVALS—Contlinued, 
(Throughout these tables \ is measured in A.U. and 1/A in 1/A.U.X10". The interval} 
for each series is given in brackets, thus—Series I [121 .8].) 
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N 1/r 1/r r 1/r 





Series I [16.5] Series I cont. Series II [18.5] Series II cont. 
6040 1655.5 5255 1903.0 6086 1643.0 5258 1902.0 
5981 1672.0 5210 1919.5 6019 1661.5 5207 1920.5 
5922 1688.5 5165 ' 5952 1680.0 5157 1939.0 
_ 5865 1705.0 5122 : 5888 1698.5 5109 1957.5 
5809 1721.5 5079 5824 1717.0 5061 1976 
5754 1738.0 5037 : 5762 1735.5 5014 1994.5 
5700 1754.5 4995 5701 4968 2013 
5647 1771.0 4954 5642 , 4922 2031 
5594 1787.5 4914 5583 : 4878 
5543 1804.0 4874 5526 4834 2068.5 
5493 1820.5 4836 5470 . 4792 2087.0 
5444 1837.0 4797 5416 od 4749 2105.5 
5395 1853.5 4760 5362 : 4708 2124.0 
5348 1870.0 4723 5309 
5301 1886.5 | 


mMonouonse 








Series I [14.6] Series I cont. II [20.2] II cont 
5913 1691.1 5080 1968 .: 1680.0 1983 .0 
5863 1705.7 5043 1983. 1700. 2003 
5813 1720.3 5006 1997 1720 2023 
5764 1734.9 4969 2012.: 1740 2043 
5716 1749.5 4934 2026 1760 2063. 
5669 1764.1 4898 2041.5 1781 } 2084 
5622 1778.7 4864 2056 1801 2104 
5576 1793.3 4829 2070 1821 2124 
5531 1807 4795 2085.3° 1841 2144 
5487 1822 4762 2099 1861 2164 
1837 4729 2114.5 1882 2185 
1851 4697 2129 1902 t 2205 
1866. - 4665 2143. 1922. 2225 
1880 4633 2158.: 1942. 2245 
1895: 4602 2172.9 1962 2265 8 
1910 4571 2187.5 
1924. 4541 2202.1 
1939 4511 2216.7 
1953 4482 2231.3 
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8 An interesting comparison may be made between certain of the 
foregoing results and those obtained by Urbain" who studied solid 
solutions containing the rare earths when subjected to cathodo-excita- 
tions. 


1° Urbain; Annales de Chimie et de Physique (8) XVIII, pp. 289-386; 1909. 
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When we consider that his measurements, being readings of the 
centers of bands gradually fading on both sides, are essentially approxi- 
mate only and that these bands are often so close together that two 
or three bands could easily appear to be but one, the agreement for 
praesodymium, neodymium, samarium, disprosium and erbium between 
Urbain’s data and those of the present author are found to be in 
excellent agreement throughout. 


V. RELATIONS TO THE ATOMIC WEIGHT 


When about ten active substances had been studied, it was unex- 
pectedly found that a smooth curve could be drawn by plotting the 
mean value of the characteristic intervals of each active metal as the 
ordinate, against the atomic weight of the metal as the abscissa. This 
curve was extended to include the whole range of metals studied, and 
is shown in Fig. 8. 

This is probably a transcendental curve with a somewhat complicated 
equation. Thus, if the two characteristic intervals of each metal are 
denoted by d; and d2, and the atomic weight of the same metal by M, 
it is probable that the following relations hold: 

di={(M)+¢(M,...,... ), 
d.={(M)—g(M,...,...), 
where f is a function of M only, while ¢ is another function which may 
contain some other quantities besides M. Since the difference of the 
two intervals of one metal is generally small in comparison with the 
intervals themselves, ¢ must generally be small in comparison with /. 
The curve in Fig. 8 corresponds to the equation y=/(M). 

This relation may be approximate only, and certainly in some 
cases the deviations are so large that they can scarcely be explained 
as the result of experimental errors. But this simple relation proved 
very useful in the present study, as the following instances will show. 

(1) In one sample of calcium fluoride many unknown luminescence 
bands were found. They constituted two series, whose mean interval 
lay on the curve y=/(M) in such a position as to indicate that they 
might be due to samarium. By a subsequent study of several solid 
solutions of samarium this was proved to be correct. 

(2) In a solid solution of aluminum sulphate in calcium fluoride, 
in which the ratio of the atoms of calcium to those of alumnium was 
250:1, several unknown bands were found, besides those due to alumi- 
num. The same method as used above suggested that these were due 
to iron. To test this the same sample of aluminum salt was mixed 
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Fic. 8. Relation between average interval and atomic weight. 
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with an equal quantity of calcium fluoride, in such a manner that 
the atoms of calcium and aluminum were in the ratio of 100:23. Then 
owing to the concentration, no band of aluminum was found, but 
the unknown bands appeared clearly. A later study of the iron bands 
showed that these unknown bands must have been due, as was supposed, 
to an iron impurity present in the aluminum salt. In such a solution 
the luminescence of iron seems to be quite sensitive. Chemical analysis 
of this sample of aluminum salt by its maker showed the presence of 
0.005 per cent of iron. According to this, in the first experiment, the 
ratio of the atoms of iron and calcium was about 1:800,000. Lumines- 
cence of a solution with such a degree of concentration is often observ- 
able. 

(3) By the same principle, traces of gallium were found in the same 
sample of aluminum salt before the bands of gallium were studied. 

(4) In several samples of zinc sulphide, unknown luminescence 
bands occurred, constituting three series. Upon consulting the curve 
y={(M), as above, it was seen that one of the series must have been 
due to thallium, and the other two to ytterbium. A subsequent study 
of thallium confirmed the identity of the first series. Ytterbium was not 
at the author’s disposal, so the question of the remaining two series was 
undecided, though considering the correctness of previous deductions, 
it seems probable that they were indeed due to ytterbium. A detailed 
discussion of this is given in the forthcoming papers already alluded to. 

Of course, in these determinations, the probability of the occurrence 
of certain metals was taken into consideration, as well as the position 
of the mean interval on the curve y=/(M). 

The anomalous series mentioned in previous sections were not found 
in any of the solid solutions studied in this section. They must be 
of very rare occurrence. This fact greatly facilitates the identification 
of unknown activating agents. 

Summary (1) The cathodo-luminescence spectra of one hundred 
and twenty-nine solid solutions, with forty-two metals as active agents, 
are studied spectrophotometrically. 

(2) Whatever bases are used, each dissolved metal shows its char- 
acteristic luminescence, though this often is very faint. 


(3) Each luminescence spectrum is composed of several series of 
overlapping bands, each series spaced equally in frequency units. 

(4) Each metal has in most cases two, but sometimes four, rarely 
one or three, series characteristic of it. 





318 T. TANAKA [J.0.S.A. & R.S.1., 8 


(5) Such characteristic series are determined for forty-two metals. 

(6) In very rare cases anomalous series occur. 

(7) For each metal there exist two characteristic frequency intervals 
different or coincident; these intervals are totally independent of the 
properties of solvents. 

(8) The average of these two intervals decreases quite regularly 
with the increase of the atomic weight of the metal. 

(9) Of the metals studied, those having comparatively high lumines- 
cent powers are the active metals of Lenard and Klatt’s sulphides, and 
gallium, praseodymium, samarium, dysprosium, erbium, etc. 

CORNELL UNIVERSITY, 


IrHAcA, NEw York, 
May, 1923. 





AN INTERESTING PHENOMENON IN PHOTOPSIA 
By Enocu KARRER 


It is well known that there are various entoptic phenomena during 
certain temporary pathological conditions of the body. Some of the 
more vivid of these occur during disturbances of the digestive system 
and are frequently associated with some form of migraine. It is an 
instance of the latter whose peculiar characteristics I wish to record 
here. 

A common form of photopsia in the patient who in this case is 
also observer and recorder, is a sensation of brightuess whose areal 
extent as a luminous field projected is such that it subtends an angle 
of perhaps 0.1 radian in the horizontal and some angle less in the 
vertical. The shape of these bright patches is very frequently similar 
to that shown in Figure 1A. They have at times a very bright narrow 
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Fic. 1. Photopsic patches of the right and left eyes. 

A. Separated as under ordinary conditions of vision. 

B. Partially overlapped at the will of the patient. Shaded portion is twice the 

brightness of the unshaded. 

border of whiteness with the central portion either uniformly bright 
or shaded toward the center. Frequently too, they present marked 
color contrasts and variegated contours within and without the general 
borders as given above. Of these indefinite characteristics I shall not 
speak in any greater detail. 

The phenomenon which I wish to mention is the additivity of 
brightness when two of such photopsic patches overlap. Of course 
the phenomenon of overlapping at the will of the patient is itself rare 
I believe, and worthy of note. On one occasion when the patient 
could cause the two ‘luminous patches,’ one from each eye, to overlap 
they appeared as indicated in Figure 1B, where the shaded portion 
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assumed a brightness as nearly equal to double the brightness of the 
unshaded portion, as the patient who has had considerable experience 
in photometry could judge. 

The interesting features then of this photopsic case are that the 
points of the retinas stimulated were so situated that by a little effort 
the projected images could be partially fused into one image; and 
that fusion of the images meant additivity of brightness. 

The effort necessary to bring about fusion was very much akin to 
that necessary to see a single object double or to fuse two objects into 
one as in the stereoscope. It therefore seemed worth while to see 
if ordinary after images in the two eyes could be made to appear double 


AY 
ee at 
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ee Se: 
fixation 
point 
Eyes Ob ject Images 
Fic. 2 


or obtained double, and then made to fuse or separate at will as in the 
photopsic case. One might expect that this is possible in case the after 
images are obtained on proper points of the retinas as suggested in Fig. 
2. The bright object a may be seen double by focusing at f; and single 
by focusing at a. In some rather hasty experiments performed to test 
this point no after images were obtained that could be manipulated at 
will. 

Another possible explanation of the behavior of the photopsic images 
is that the phenomenon is not retinal but cerebral only, and that 
therefore the apparent position of the images may be somewhat more 
fugitive and more subject to associational elements. However in this 
viewpoint the additivity of brightness also raises interesting questions. 


NATIONAL Lamp Works, Wire Drv., 
GENERAL Etectric Co., 
CLEVELAND, O. 
Sept. 21, 1923. 
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ON THE LIMIT OF ACCURACY IN OPTICAL MEASURE- 
MENT 


By A. A, MICHELSON 


Any accurate measurement of the position of the image of a minute 
source, such as a pinhole or a narrow slit, or a line ruled on glass or 
metal (which may be bright on dark ground or the reverse) is effected 
by adjusting the crosshair of a micrometer to “coincidence’’ with the 
image. One of the simplest methods of making coincidence is to bisect 
the image by the crosshair. Another method is to bisect the distance 
between a pair of parallel crosshairs by the image. In either case, if 
8 is the angle subtended by the image, (or in the second method, by the 
distance between the crosshairs) and 08 is the average error of a setting, 
experiment shows that 

0p =b+cB (1) 
in which 6 and ¢ are constants which vary somewhat with the observer, 
and even with the same observer on different occasions. (In my own 
case b= 5’’ with occasional values as low as 2’’, and c = .0025.) 

It may be noted that the observations are very uncertain, especially 
if the number is small, the most important difficulty being that of 
maintaining the constancy of the particular phase of the diffraction 
image on which the setting is made. The image is often slightly 
unsymmetrical, which makes the result still more uncertain. Another 
serious complication arises from the circumstance that the attention 
and care in making a setting will be apt to vary (for example, by 
fatigue) during the progress of the series, with resulting errors much 
larger than the average. 

Formula (1) may be applied to either telescope or microscope. In 
either case, let F be the distance of the image from the objective, f the 
focal length of the objective, and /; that of the eyepiece. 


TELESCOPE 


If a is the apparent diameter of the image as viewed from the objec- 
tive, and da the average error of setting, 


fi 
da =—(b+c8), or 
a F ) Cc oO 
aa="b+ca, (2) 
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(In the case of a point source a = 2a9= 2.44 d/a, where a is the diameter 
of the objective.) 
From this it follows that to obtain the highest attainable accuracy, 


the magnification M =F/f/, should be considerably greater than . 


? 
- ~ a , - = 
say ——. Thus, for the 100 in. at Mt. Wilson, ao=0.'’5, whence 
2cao 


M =60000. Clearly such a high power would be impracticable, both 
on account of the weakening of illumination and of the very limited 
field and consequent difficulty of keeping the telescope properly 
pointed. A magnification of 3000, however, is not unusual.’ For this, 
and with perfect seeing” 
da =0'".002. 

(The probable error would be about one fourth as large, or 0’’.0005. 

There are two sources of error somewhat difficult to allow for. 
The first is that due to faulty focussing which introduces errors of 
parallax, which may in ordinary work be extremely small, but which 
cannot be ignored in measurements of highest precision. The second 
is that due to motion of the image due to atmospheric disturbances 
Such can hardly be attributed to poor “seeing,” yet is, of course, a 
modification of the confusion produced by the same cause. In the 
former case there is relatively slow motion of the sharp image, while 
in the second there is an integration in time or space or both which 
produces confusion. 

Such effects may also be due to vibrations or actual displacements. 

In the following example the objective consisted of a pair of 6” 
objectives of 100 in. focal length. The source was a narrow slit 
illuminated by light from a tungsten lamp passing through a blue green 
filter. This placed at 100 in. from the pair of objectives gave an image 
at an equal distance beyond which was viewed by eyepieces giving 
magnifications of 50, 100, 200 and 300. Following is a table of results 
in which dao is the average error observed, da. being the errors 
obtained by calculation from the expression 


10’ nN 
da= rT ihe («= ..23 *). 


1 Hartridge. Phil. Mag., July, 1923. 
*If d is the reduced diameter of the objective necessary to show diffraction rings, then 


this is the value to be used instead of a. For the utilization of such a diaphragm for measuring 
the “seeing” see Yearbook Carnegie Inst., p. 245, 1922. 
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.040 .040 .075 057 .150 .107 
.040 .048 | .075 .065 .150 115 
.050 .063 .075 .085 .150 130 
080 .093 .110 115 .180 .160 
.160 .153 .200 175 .240 .220 


























In general the agreement is to the order of 0’’.01. It will be noted 
that the constant in the first term is 10’’ instead of 5’’. This is probably 
due, (1) to the effect of minute disturbances in the air which are very 
difficult to eliminate; (2) to the difficulty of obtaining the best focal 
image with a minimum of parallax. 

The intensity of the diffraction figure of a bright point source which 
is intercepted by a fine crosshair (both viewed through an aperture a, 
which may be the pupil of the eye) may be represented by the roughly 
approximate formula 


t= (és) Gite) 
BY+ B2*+(0+€)? 


in which 6? is the angular “half-width” of the image and 8, that of the 
crosshair, @ the angular distance from the center of the image, and e 
the error of setting. The corresponding difference 


ol a 2 «B2” 


I *0(6:?-+6) 
The graph of J is represented in Fig. 1. 





O€ ) 


Fic. 1 





If the measurements are made at the two maxima corresponding to 
«=0, namely, 0,,= VB:62, the difference will be 
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If now the limit of sensibility of the eye for differences in intensity be 
p, the corresponding error of setting will be 


Pb 

=- — o) 

e 4 g, 8: +8: 

whence aa= yates) 
4 Va, 


lo| da 


ot 








oO Ss /O 


Fic. 2 


Fig. (2) gives the graph of this expression and shows clearly how the 

systematic difference for small values of az may be accounted for. 

The minimum value of « is all where § is the angular semi-diameter of 
? 

the diffraction figure of the crosshair. If this be taken as 60’’ and 

p=1/10, e=3’’ which corresponds in order of magnitude with the 

best observed value of b. 


THE MICROSCOPE 
If in formula (2) we substitute e// for a, in which ¢=€o+€2, €o = twice 
i ‘ ny : , , 
the limit of resolution, or ———, e, = diameter of object, and f- distance 
sin g/2 
from object to border of objective. 


de ah b+ce 
F 
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or, gnhipas. (a1 - Se =) (3) 
M sin Yy 

This expression for the average error in setting may also be used for 

an independent determination of the constants. 

A series of micrometric measurements with varying objectives and 
eyepieces gave b=6 and c =0.003, in good agreement with the results 
obtained with the telescope. Among these was one with a=8 mm, 
f=6.5 mm, f,=16 mm and F = 200 mm, for which therefore, e( =€9) = 

— = 1y.0, giving 
sin ¢/2 
I€caitc, = Op.019 
while J€obs, = 0.020. 

The following tables give results for different eyepieces (focal 

length =f;) ‘ 


Ow .035 
Ow .020 
Op 016 
Ou .014 
%.010 | 


oil immerson, 2 


focus, gave 


mm 


Je ake 


Ou.016 | 0.016 
Ou.011 0.013 
Ou .008 0.015 


THE SIGHT-TUBE 


Finally, these constants may be determined by the sight-tube without 
any of the complications of lenses. A tube a meter in length was pro- 


Fic. 3 
vided at the eye end with a diaphragm one mm in diameter, and at 
the other end with a pair of sight marks of the form indicated, Fig. 3. 
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The tube was mounted on a vertical axis and the sights were made to 
“bisect” a distant illuminated circular aperture, the angle of the 
sight-tube being read off by mirror and telescope with following re- 
sults: 
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THE INTERFEROMETER 


The interferometer as ordinarily employed produces interference 
bands whose intensity is represented by 


i ee 
I =sin? 27-. 
x 


Under these conditions, two measurements (the first at the bisection 
of a dark fringe, and the second at the bisection of a bright fringe 
gave the following results: 

Dark fringe Bright fringe 

= O11 0 _ 0057 

W 


W 

In very bright light the physiological effect (as also the photographic 
effect on overexposure) is such as to diminish the apparent width (of 
the dark fringe in the former case, and the bright fringe in the latter). 
Under these conditions a second series of measurements gave 

= = .0035 

Ww 

A still higher degree of accuracy is obtained by repeated reflections 

produced by the two half-silvered plates in the Fabry and Perot 
interferometer. Three trials were made with such an arrangement, 
the first with a chemical silver deposit transmitting only one per cent 
of the light. The second was a sputtered gold deposit of about the 
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same transmission, while the third was a sputtered silver deposit 

transmitting about ten per cent. These gave results”as follows: 
I II III 

oo 0015 0035 0026 


er dw - ‘ me 
Taking c= —=.0025, the average error in angular position of center 
wW 


fringe is 08 =b+cB 

where B=rw/f; (r=1 for a single reflection; but as observed in very 
bright light, or in overexposed photographs, r is less than unity; 
and with repeated reflections, as in the Perot-Fabry interferometer, 


| ~ ; ‘ » ‘ 
r may be of the order of .05). The fringe width w=- where ¢ is the 
a 


inclination of the two interfering pencils. Hence 8 = dl 
¥/1 
If de is the average error in distance between surfaces, 
de =f 08.9 =bfiot+ern. 
But ¢ may be made as small as desired, whence 
de = .0025 rx. 
With only one reflection, and for \=0u.6, 
de =0u.0015, 
while with repeated reflections (r = .05), de =0yu.000075. 


In a form of interferometer which permits of multiple reflections 
(in which as many as twenty have been observed) the results of actual 
measurement gave for the constant c the value .015 in the tenth order. 


015 


oe 0 
This would correspond to an average error de = 





, Or approximately 


Je = On.0002 
With carefully polished surfaces it is estimated that c may be as small 
as .003 corresponding to an average error 
€ = 0u.00004 
The error in measurement of angle by the interferometer will be 
da=de/B 
where B is the base line or distance between the interferometer mirrors, 
and is practically unlimited. Thus, for a single reflection 
de = 0n.003 
If B=6 meters, as in the instrument used at Mt. Wilson for measuring 


star diameters, ” 





1 
da=-X10°, or : 
2 10000 
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In the measurement of earth tides the base line was about 150 meters. 
If de is taken as 0u.003 (single reflection) the corresponding error in 
angle is 
da =4 millionths of a second. 


THE SPECTROSCOPE 
In spectroscopic work the limit of resolution is 
oni 
if / is the length of the grating or echelon employed. If the angular 
error of measurement is da= = tea, in which a= ayta,=— + 
Ad being the width of = ." expressed in wave-lengths, 


Oe +c (C+ +), 


For a fairly narrow line ee with / of the order of 50 cm, it would 
require a very high magnification (M = 10000) to make the first term 
small compared with the second. With the interferometer, however, 


_ Or rd , Ar 
b does not enter, hence the limit of accuracy m -<(*+ *). 


Thus with the preceding data’ 
orn | 
— =6xX10°° 
d 
In the purely optical problem however the term Ad/A may be 
— Or d ° 
ignored, giving therefore for — the value c _ By repeated reflections 
d 
as in the Perot Fabry interferometer the optical limit of accuracy may 


be twenty times smaller giving 


Or 
—=3x10-" 
r 


RYERSON PuHysicAL LABORATORY, 
UNIVERSITY OF CHICAGO, 
Curcaco, Iti. 


3 It may be noted that in the measurement of the standard meter in light-waves the order 
; ; an : 
of accuracy in the relative values of the three radiations of cadmium vapor i =5 10-7. 


X Adv 
With= and -¥ both of the order of 510~ the calculated value is 310-7. 





PERMEAMETER FOR ALTERNATING CURRENT 
MEASUREMENTS AT SMALL MAGNETIZING 
FORCES 


By G. A. KELSALL 
The usual method of determining the permeability of a magnetic 
material to small alternating magnetizing forces consists of winding a 
finely divided ring shaped core of the magnetic material with a suitable 
number of turns of insulated copper wire and of measuring the induct- 
ance of this coil in an inductance bridge, as shown in Fig. 1. 


AMMETER 





Fic. 1 


While this method is satisfactory from the standpoint of accuracy, 
the application of a suitable winding is frequently wasteful of time 
and material and may damage the magnetic properties of the core 
tested. In order to eliminate these objectionable features of this 
method of measuring permeability, the apparatus and methods discussed 
in this paper were developed. 

The apparatus developed is a special type of transformer with a 
single turn secondary.' The primary consists of a suitable number of 
turns of insulated copper wire wound directly on a finely divided 
toroidal magnetic core. The single turn secondary is provided with 
means for rapid opening and closing. The sample whose permeability 
is to be determined is prepared in the form of a ring and this is inter- 
linked with the open secondary, which is then closed. The inductance 
of the instrument connected as one arm of an inductance bridge, is then 
measured at the primary terminals. From the value thus obtained, 
the constants of the transformer, and the dimensions of the sample, 
the permeability is computed. 

' The original suggestion was made by Dr. G. A. Campbell of the A. T. & T. Co. 
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A photograph of a permeameter which is representative of instru. 
ments based on this principle is shown in Fig. 2. A cross-sectional 
view is shown in Fig. 3. The secondary is an annular copper shell 
enclosing the primary, with additional space provided for the core to 


SHEET COPPER 











TEST SAMPLE 











Fig. 3. Section of permeameter 


be tested. The space within the secondary is divided by a wooden disc 
into two compartments in the lower of which the transformer core and 
its primary coil are located. The test sample lies in the upper com- 
partment as shown in Fig. 2. The secondary is closed by means of the 
cover, the center tube of which fits into and makes good electrical 
contact with the central tube of the container. In order to insure a low 
resistance connection between the outer edges of the cover and the 
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container, the edge of the latter is provided with a large number of 
spring contacts as shown in the photograph. A special lever device 
is provided so that the cover may easily be raised. 


THEORY OF PERMEAMETER 


The formulas used in the computation of the permeability from 
inductance measurements made on the permeameter are derived from 
the equivalent transformer circuit Fig. 4. 


Fic. 4. Equivalent parallel circuit of the permeameter 


Let R, =dc resistance of primary winding 
R,=effective resistance due to core loss in the transformer core 
L,=inductance of the primary with secondary open 
w =2xXfrequency 
R.=effective resistance of the secondary transferred to primary 
L.=inductance of the secondary transferred to primary 
L =inductance of the permeameter as measured on the bridge when 
the secondary is closed. 
From Fig. 4 the inductance of the permeameter with the secondary 
closed as measured at the terminals of the primary winding is 
I _ ERE +L: RE +0*L Ls (Li+L2) (1) 
: (Ri+R2)*?+0*%(Li+L2) | 
In the particular design which we use and for telephonic frequencies, 
the terms containing resistance may be neglected in comparison with 
those containing w* and we may write 
toc 
L+L. 
The accuracy of this approximation wil! be discussed later in connection 
with definite examples. 





(2) 


From (2) L.= ee (3) 
Ii-L 


The inductance LZ. depends upon the air space inclosed by the copper 
shell and upon the dimensions and the permeability of the test core. 
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Let L, be the value of L2 with no test core interlinked with the secondary 
and let LZ; be the increase in Lz when a test core is inserted. Then 





L-=L,+L; (4) 
From (3) and (4) 
weg = — 2 —L, 5) 
Li-L 


Let L. =inductance due to test sample transferred to primary 
N,=number of turns in the primary winding 
A =cross-sectional area of test core in cm? 
D =mean diameter of test core in cm 
A =ratio of average magnetizing force to the magnetizing force 
at mean radius of test core 
m =permeability of the test core 
Then the inductance in henrys transferred to primary due to the test 
sample is 


_4N,°AK «\ 
10°D 
where for a core of rectangular cross-section 
a 1+ . 
K =—log, — P 7) 
2p 1—p 


in which p is the ratio of radial thickness to mean diameter.2. The 
curve in Fig. 5 gives the relation between K and ?p for values of p up 
to 0.5. 

When the test sample is inserted in the secondary, the toroidal space 
occupied by the test core is increased in permeability from unity, its 
value for air, to yw, its value for the test sample—an increase of y-1 
Hence the increase in Lz due to the insertion of the test sample is by 
equation (6) 





4NZAK 

——_—*” 

whence a= lll +1 9) 
4N,° AK 


Equations (5) and (9) are the two equations used in computing per 
meability. From equation (5) it is seen that if ZL; and L,, which 
are constant for a given permeameter, are known, L; can be determined 
from the measured value of L with a core inserted. 


* Bureau of Standards Bulletin, 5, No. 3 on “Errors in Magnetic Testing of Ring Spe: 
mens.” 
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The constant L, of any given permeameter is determined by measur- 
ing the inductance at the primary terminals with the secondary open. 
The value L, may be determined by measuring L with no core inserted 
and then computing LZ, by means of equation (3). A better method, 
however, and one which we have used in calibrating permeameters of 
this type is a substitution method. With no core inserted, the second- 
ary closed, and the permeameter connected to an inductance bridge, 
a balance on the bridge is obtained. The secondary is now opened and 
the bridge is thereby thrown out of balance. This opening of the 
secondary is equivalent to removing the lower branch from the equiv- 
alent circuit in Fig. 4. Without disturbing the setting of the bridge the 
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p, RATIO OF RADIAL THICKNESS TO MEAN DIAMETER 
Fic. 5 


balance is restored by connecting across the primary terminals a 
substitution circuit consisting of a variable resistance and inductance 
in series. These are adjusted until the balance is restored. The 
inductance read in the substitution circuit is the desired value of L,. 

With the values of LZ, and L, determined, equation (5) which is 
called the calibration equation can be evaluated for a given perme- 
ameter. The determination of permeability by means of equations 
5) and (9) will be illustrated later by a definite example in connection 
with the particular permeameter shown in Figs. (2) and (3). 

It will now be shown how the value of the magnetizing force at which 
the permeability measurements are made, is determined. 
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In Fig. 4 let 
I =total current flowing through primary 
I,=component of J flowing through the upper branch 
I;=component of J flowing through the lower branch 
I, is the exciting current of the permeameter, and 7, the current which 
produces a magnetizing force on the core tested. The magnetizing 
force to which the test core is subjected by the current in the single 
secondary turn is the same as that produced by a winding of N, turns 
with a current J; flowing through it. Now if we continue to neglect 
the resistances as in equation (2) we can write 
I,= si I (10) 
Ly 
The magnetizing force at the mean radius of a toroidal core is given by 
H moll gauss 11) 
5D 
in which 
[,, = magnetizing current in amperes 
N =number of turns in the magnetizing winding 
D =mean diameter of the core in cm 
Substituting in (11) VJ. for NJ,,, and using the value of J given by 
equation (10) the magnetizing force at which a core is tested in the 
permeameter becomes 
H= 2N,(Li—L)I _Fl 
5L,D D 
in which 
r= 2N,(Li- L) 
5Li 
The factor F for any given permeameter may be taken from a curve 
plotted by means of equation (13) showing the relation between L 
and F. 

The application of the foregoing principles will now be illustrated 
in connection with the particular design of permeameter shown in 
Figs. 2 and 3, in which 

N,=700, L;=6.7 henrys and L, =0.0183 henry 
Substituting these constants in equations (5), (9) and (13), we get 
from (5) 

L;= oe 0000 (14) 


6.7-—L 
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A portion of the curve showing the relation between L; and L plotted 
from this equation is shown in Fig. 6. 
From (9) 
510 L3D 
ae +t (15) 
From (13) 
F =280—41.8L (16) 
A portion of the curve plotted by means of equation (16) giving the 
relation between F and L is also shown in Fig. 6. 





Ls, HENRYS 











14 46 


L,PERMEAMETER INDUCTANCE, HENRYS 
Fic. 6 


Che following example will illustrate the method of permeability 
measurement. Let the inductance L of the permeameter with a given 
core inserted be 0.1500 henry. By the calibration curve in Fig. 6, 
L; is 0.1351 henry. To calculate the permeability requires substitution 
in formula (15) in which D, A and K are yet to be determined. 

Let the dimensions of the core be as follows: 


Outside diameter =13 cm 

Inside diameter = 8 cm 

Axial height 4 cm 
From these dimensions D=10.5 cms and A=10 cm’. The value of 
» which determines K is 0.238 from the above dimensions. For this 
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value of p in Fig. 5, K is 1.0195. Substituting these values. in (15) 
the permeability yp is 72. 

To determine the magnetizing force, equation (12) is used. Let 
J =0.002 ampere be the value of current in the primary of the per- 
meameter when the test was made. The value F =273.7 is obtained 
from equation (16) or taken from the curve in Fig. 6. The magnetizing 
force at which the test was made is therefore H =0.0521. 

Let us now consider a numerical example to illustrate the degree of 
accuracy obtained by the use of the approximate equation (2) in 
place of the complete equation (1) for this permeameter. Let the 
measurement be made at a frequency chosen to correspond to w = 4000. 
From a measurement at this frequency R; was found to be 830 ohms. 
Assume that a core is tested which gives for ZL. a value of exactly 0.5 
henry and that R.=70 ohms. This includes resistances due both to 
the copper shell and to the core loss of the sample. Substituting these 
values, L by equation (1) is 0.46528 henry and by equation (2), 0.46527 
henry. Quite large variations in R. may occur without materially 
affecting this approximation. For example, assume that R; is doubled 
to 140 ohms but that the other values are unchanged. L by (1) now 
equals 0.46533 henry and by (2), of course, is the same as before. 

As a consequence of this close approximation the permeameter can 
be calibrated at one frequency in the manner described above and 
this calibration will hold over a wide range of frequencies. The per- 
meameter shown in Figs. 2 and 3 was calibrated at 600 cycles, and 
using the calibration at that frequency a compressed iron dust core’ 
which is known to have a constant permeability over a wide range of 
frequency was measured at several frequencies. The readings are 
given in Table 1. 


Frequency Permeability 
112 24 
200 24 
400 24 
800 | 24 

1000 24 
1600 24 
2000 24 


me | 


NM Mm N Nh W& WY 
ume Vv 
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+ Speed and Elmen, “Magnetic Properties of Compressed Powdered Iron.” Trans. A. | 
E. E., 40, pp. 1321-1359; 1921. 
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With this type of instrument measurements of permeability can 
be made with the same degree of accuracy and at as low magnetizing 
forces as by the method requiring a special winding, which it replaces. 
With the instrument shown in Fig. 2 and with a vacuum tube amplifier 
in the bridge circuit to increase the sensitivity, routine permeability 
measurements have been made at magnetizing forces as low as 0.001 
gauss. 

The general design of the permeameter, especially that of the copper 
shell, is determined by the maximum and minimum dimensions of the 
cores to be tested. For example, a special permeameter was designed 
to be used for the inspection of No. 38 B&S gauge iron wire used for 
loading coil cores. The manufacturer supplied this wire wound on 
brass spools of uniform dimensions. 


Fic. 7. Permeameter for spools of iron wire 


A photographic view of this type of permeameter is shown in Fig. 7. 
The permeameter is shown open with a spool of wire inserted for 
test. The upper part of the copper shell is reduced in diameter 
until it is only slightly larger than the diameter of the spool. With 
this permeameter it was possible to measure the permeability of the 
wire on the spools as received from the wire drawer. The core tested, 
in this case, had the dimensions of the space occupied by the wire 
on the spool. Two of the dimensions are fixed by those of the spool, 
namely, the inside diameter of the core and the axial height. Ad- 
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vantage was taken of this fact to simplify the method as applied 
to spools of wire. It was found by experiment that the depth of the 
space occupied by a given weight of wire as small as No. 38 B&S was 
very nearly constant. The differences in depth for different spools 
for the same weight of wire were negligible in calculations for per- 
meability. It was apparent from equations (5) and (9), therefore, 
that for a given weight of wire a curve could be plotted showing the 
relation directly between u and L instead of between L; and L as was 
done in the case of the permeameter in Fig. 2. Such a curve was 
constructed for a definite weight of wire which was called the standard 
weight. As the quantity of wire on the spools varied a relation between 
the weight of wire and the depth of the wire on the spool was established 
experimentally. With the aid of this relation a correction factor curve 
was constructed showing the relation between the weight of wire and 
the factor with which to multiply the permeability obtained from the 
u-L curve for the standard weight in order to obtain the true per- 
meability. In short, the method of obtaining the permeability of 
wire on spools was reduced to the following steps: 

1. Obtain the weight of wire on the spool and the inductance 1 
of the permeameter with the spool of wire inserted. 

2. Refer to two curves namely, the yw-L curve for the standard 
weight and the weight correction factor curve, and multiply the two 
factors thus found to obtain the permeability. 

Permeameters of the types shown in Figs. 2 and 7 have been used 
for a number of years by the Manufacturing Department of the 
Western Electric Company at Hawthorne, Illinois, and have been 
found of great convenience in the inspection of materials used in the 
manufacture of magnetic cores. Permeameters of the type shown 
in Fig. 2 are in constant use in our laboratories in connection with the 
investigation of magnetic materials. 
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A NEW TRI-COLOR MIXING SPECTROMETER 
By FRANK ALLEN 


The new instrument, of which a brief description is given in this 
communication, is a combination in part of the color mixing spectro- 
meter described by Helmholtz in Physiol. Optik, 3rd Ed., 2, p. 333, and 
of the Hilger wave length spectrometer. 

The plan of the instrument is shown in detail in the two accom- 
panying figures. 

In the Hilger spectrometer the collimator and telescope are fixed 
at right angles to each other, and the spectral ray in the axis of the 
telescope emerges from the peculiarly shaped prism, A, always at 
minimum deviation. The various colors are brought into view by 
rotating the prism, which is accomplished by means of a drum gradu- 
ated in wave lengths. The prism and drum are mutually adjusted 
so that the wave length of the color under observation is always 
indicated directly by an index which runs in a helical slot in the drum. 

In the Helmholtz color mixing spectrometer the telescope is also 
fixed in position and the two collimators rotate so as to bring the 
spectral colors in turn into the telescope. In the figure, the prism, 
P, which in the original instrument of Helmholtz is equilateral, but 
not truncated, is so placed with reference to the two moveable colli- 
mators, C2 and C;, that two of the edges are used as refracting angles. 

In the new instrument the special prism, P, is truncated by a plane 
accurately parallel to the base. With respect to the spectral rays from 
the Hilger prism, A, the truncated prism acts as a thick plate allowing 
the light to pass through without deviation and with very little loss by 
absorption. 


The two collimators, C. and C;, rotate, and their spectra can be 


calibrated in the usual manner by means of verniers and the graduated 
circle. 


On top of the truncated prism, P, which is 1.6 cm high, is mounted a 
mirror of the same height at such an angle that white or colored light 
from a side source may be conveniently reflected into the telescope. 
A total reflection prism might be used instead of the mirror unless 


the movements of the collimators C: or C; should interfere with the 
path of the light. 
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The slits of the three collimators are provided with special wedges 
for reducing the apertures so that the three spectra may be placed one 
above the other; or so that two, or all three of them, may be wholly 
or partially superposed. The slit widths are controlled and measured 
by finely graduated micrometer screws. Calibrated neutral tinted 
wedges may also be used in front of the slits to control and measure 
the intensities of the light in each spectrum. 

When the instrument is properly adjusted the observer can see in 
the telescope three spectra, one above another, and at the top a rec- 
tangular patch of white light reflected from the mirror. As the wedges 
at the slits are adjustable, the spectra and the white light may be 
brought into the closest juxtaposition with each other without over- 
lapping. The Hilger shutter eye-piece also enables the observer to 
control the width of the portions of the spectra in view. Mixtures of 
two or three spectral colors may be made in any way desired, and the 
spectral components can be independently controlled and measured 
both in respect of wave length and intensity. 

The spectrum from the collimator C; is from a prism equivalent to 
60°, and the central ray in the telescope is always at minimum devia- 
tion. The spectra from the collimators C, and C; are formed by 
refracting angles of about 70°, and the observed rays in the telescope 
are not at minimum deviation. The last two spectra are identical 
in dispersion and intensity, though reversed in order of color, while the 
first differs somewhat from them. The intensities can easily be adjusted 
to a common standard; the hues, however, may slightly differ. 

The spectrometer has not yet been sufficiently used to warrant fur- 
thur discussion; but it seems to possess many advantageous features, 
and any disadvantages or defects will probably be remediable. 

The instrument was designed and constructed from sketch plans of 
the writer by Messrs. Adam Hilger Ltd., London, Eng., with the 
precision and finish for which that firm is noted. 

The writer desires to record his thanks to the Honorary Advisory 
Council for Scientific and Industrial Research, Ottawa, for a grant 
covering the cost of this instrument. 

DEPARTMENT OF Puysics, 


UNIVERSITY OF MANITOBA, 
WINNIPEG, CANADA. 
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The Quantum Theory of the Normal Photoelectric Effect.— The 
dynamical problem of a collision between a needle-quantum and a hydro- 
genic atom with its electron on a circular orbit is treated. The assump- 
tions involved are that the quantum gives up energy Av and momentum 
hy/c to the atom in a time which is small compared with the period of 
revolution of the electron. Two cases are examined: (1) the quantum 
possesses no intrinsic angular momentum and yields up angular momen- 
tum to the atom only by striking it off center; (2) the quantum has 
intrinsic angular momentum, like a spinning rifle bullet. If the energy 
of the incident quantum is large compared with the ionization potential 
of the atom, but still so small that the variation of mass of the ejected 
electron is negligible, many terms may be omitted from the solution. 
This case is examined in detail, using the first assumption about the 
angular momentum. In order to calculate the distribution of directions 
of the photoelectrons when light is incident on a group of atoms 
having random orientation, an assumption must be made as to 
the trajectories on which the quantum must move in order actually 
to cause ejection. There is a critical value, somewhat smaller than 
the radius of the electronic orbit, for the distance between path of 
quantum and center of mass of atom, above which the solution 
becomes imaginary. If it be assumed that all quanta which pass nearer 
to the nucleus than this critical distance will cause ejection, the dis- 
tribution of directions of the photoelectrons will possess point-sym- 
metry, which contradicts experiment. The assumption adopted is 
that the quantum must approach very close to the electron. The ratio, 
A, of the number of electrons having a velocity component in the 
direction of the light beam to those having a component in the reverse 
direction is calculated. This quantity depends only on the frequency 
of the-quantum and on universal constants; its maximum value, 
5.8, would be attained only for infinitely small wave lengths. The 
theory is in approximate agreement with Philpot’s observations 
on the distribution of directions of electrons ejected from gold foil 
by X-rays. However, Bragg has found values of A as large as 19.8 
for electrons ejected from carbon by soft gamma-rays, so it is apparent 
that this theory based on a hydrogenic atom with a circular electronic 
orbit will have to be modified. The author is using the Wilson cloud 
method to study electrons ejected from the atoms of light gases by 
X-rays, in order to decide between various modifications of his postu- 
lates. [W. Bothe, ZS. f. Physik, 17, pp. 137-51; 1923.] 
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WAVE MOTION MODELS HAVING “DISPERSION” 
AND “FILTER” PROPERTIES 


By T. B. Brown 


The mechanical systems considered below consist of chains of similar 
sections made up of springs and masses, and are called wave-motion 
models because they serve as such within definitely defined frequency 
regions or “pass bands.” They have properties which are mathe- 
matically identical with the electrical wave-filter systems invented by 
Campbell’ and since developed by Campbell and others. Thus they 
are of interest to electrical theory, both because theoretical considera- 
tion of their properties is of aid in obtaining a clear physical picture of 
the behavior of the electrical filters, and because the actual models 
give an excellent demonstration of the filter action. On the other 
hand, these mechanical systems are, through their pass band regions, 
true wave-motion models, and as such are of considerable interest in 
themselves, as will be shown below. Similar mechanical systems have 
been described by Wigge? as analogs to the electrical wave-filters, 
but without consideration of their other properties. 

I. Consider first the familiar wave-motion model of Fig. 1a, of which 
Fig. 1b is the electrical counterpart. By comparison it will be seen 
that the spring s is analogous to the shunt condenser C, and the pendu- 
lum m, @ to the series branch L, C’, while the displacement y, of the 
n’th pendulum is the analog of the cyclic current i, represented as 
flowing in the n’th section of the electrical system. Let a frequency 
f (represented below by ~=22/f) be impressed on the first member of 
the chain, and consider the forces acting on the n’th mass particle— 

R (¥nti1—Yn) —k(Yn—Vn—1) —(mg/a)y4=m <2 =—m py. (1) 

Friction is considered negligible, k is the “constant” of the spring s, 
and a is the length of the pendulum. Putting mg/a=k’, and re- 
arranging terms— 


td 
Vapi tYn-1 = (2 a . 


) yn=2(1-40) yo. (2) 


‘G. A. Campbell, U. S. Patent No. 1227113, 1917, 
G. W. Pierce, Electrical Oscillations and Electric Waves, Ch. XVI. 
Several recent articles in the Bell System Technical Journal. 
?H. Wigge. Ein Mechanisches Modell des Kettenleiters. 
Physik. ZS. 23, p. 653, 1921. Also ZS. f. Tech. Physik, 1/1, p. 302, 1921. 
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From here on the analysis is applicable to any case, Q being deter- 
mined in the particular case by the method employed in the case 
illustrated above. Q is the equivalent of the ratio Z/2Z’ in the electri- 
cal case, where Z and Z’ are the series and shunt impedances respec- 
tively. 

If the chain is of infinite length, the relations between adjacent 
sections must be the same throughout—i.e., the ratios of successive 
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FIG. 1b. ELECTRICAL COUNTERPART. BAND PASS FILTER 
amplitudes must be equal, and the change of phase from section to 
section must be constant. That is, if y,=A, sin Pt, 

A n—l A n ° 
= =etc. =r, and ¥n41=A,-41 Sin (pt—@) etc. 
he Mar 


Using these relations in (2) gives (since A, cancels)— 


: sin (pt—¢) +r sin (pt+) =2 (1+Q) sin pt. 3) 
r 


Upon expanding the left hand side of (3) and equating the coefli- 
cients of sin pt and cos pt separately to zero there are obtained two 
relations 1 


+r) sin ¢=0 (4) 
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1 
(+r) cos ¢=2 (14+(0) 


which determine the limits of the pass and stop bands, the attenuation 
of the stop bands, and the phase difference (and thereby the wave 
velocity) in the pass bands. 

Equation (4) is satisfied by either r=1 or sin ¢=0. 

Corresponding to r= 1, (5) gives 

cos ¢=1+Q (6) 

which can be satisfied only by values of » which make the right hand 
member unity or less in absolute value, and for such values of p there 
is wave transmission without attenuation, and with a change of phase 

















1 


FIG. 1c. CHARACTERISTICS. 


oT = the resonant frequency of a free pendulun. 


ts = the resonant frequency of a complete section A-B, 


from section to section of amount ¢ given by equation (6). That is, 
within this range of frequencies (which constitute the “pass bands’’) 
energy is transmitted along the chain as a true wave motion whose 

velocity is (where x is the length of each section of the chain)— 
Fuh fora (7) 

> ’ 

|’ is evidently dependent upon the frequency, and the values for 
the special case considered are represented by the curves of figure 1c. 
For comparison the velocity in a continuous medium having the same 
elasticity and mass per unit length is represented by the horizontal 
line labelled Vo. In this case the pass band evidently extends from 











346 T. B. Brown [J.0.S.A. & R.S.1., 8 


1 /k’ 1 4k+k’ 
ti _1 ye to f= | (=), the limits being included within the 
2x *m 2x m 


pass bands. 
Corresponding to sin ¢=0, (5) gives 


(+r) =20+0 
or r=(1+0)+V(1+0)*-1 (8) 


which is real only outside the limits set by the pass bands, i.e., in the 
“stop bands”. In the present case, r is evidently positive for values of 
f below /, and negative for all values above /:. The minus sign in the 
latter case indicates that adjacent sections are moving in opposite 
directions with forced vibrations of decreasing amplitude from section 
to section, and may also be represented by a positive value of r and ¢ =r. 
In the curves the “stopping efficiency’’ of each section is represented 
by log.|r|, which may be interpreted as being inversely proportional 
to the number of sections required to reduce the amplitude to any 
assigned fraction (e.g., 1%) of its initial value. 

The limiting values admit of very interesting physical interpretations. 
The lower limit of the pass band is the resonant frequency of the free 
pendulums, and at this frequency the pendulums are all swinging in 
unison and with the same amplitude. The springs s are undistorted. 
Viewed as a wave motion, the velocity is infinite. In the electrical 
case this limit corresponds to the free period of the series section L,C’. 
At this frequency the series current is the same thruout, and there is 
no shunt current. On the other hand, the upper limit /2 is the resonant 
frequency of the system formed by a pendulum and the halves of the 
springs adjacent to it on either side (between the points A, B, in Fig. 1a). 
Here adjacent sections are swinging in opposite directions with equal 
amplitudes, and the center point of each spring is at rest. The velocity 
is relatively small but finite, two sections constituting a wave-length. 
The correspondence in the electrical case is easily traced if we imagine 
each shunt condenser C replaced by two condensers in parallel, each 
of capacity C/2. 

It is to be pointed out here that these equations and values all re- 
present “‘steady state’’ conditions, attained only after a relatively long 
(theoretically infinite) time has elapsed, and it is suggested that these 
models might prove very useful in experimental study of the transient 
phenomena leading up to the steady state. 
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II. By omitting the pendulum cords of figure 1a (or by making them 


of “infinite” length) the mechanical counterpart of the “low pass” 
filter is obtained. (Figs. 2a and 2b.) This mechanical chain transmits 


1 
waves freely (r=1) for all frequencies from zero to fo=z,¥ (#), 
m 


stopping all above that. It is very similar to the previous case, and 
the mathematical treatment is evidently the same with the omission 
of k’. In this case it is interesting to note that subdivision of the 
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FIG. 8c. LOW PASS FILTER. 


f, = the resonant frequency of a complete section A-B. 


v, = the velocity in the corresponding continuous medium. 


elements of the chain, as is indicated in figure 2d, so as to increase the 
number of sections in unit length of the chain does not alter the velocity 
of transmission for low frequencies* but raises the critical frequency, 
so that infinite subdivision results in the production of a continuous 
medium having free transmission of all frequencies at constant velocity. 
And this indicates to what extent such a model may be used to illustrate 
waves in a continuous medium. 

III. If a pendulum is hung from each mass of the simple system of 
Fig. 2a, the model shown in Fig. 3a is obtained, which has some very 
interesting properties. Here the construction is simpler, and the 


For low frequencies ¢ is very small, so that cos ¢ may be represented by the approximate 
value (1-¢?/2). Equation (6) then gives o= pv (m/k) and equation (7),V = px/¢= V/(k /m)-x. 

If the elements are now sub-divided by N, then k”=Nk, m'’=m/N, and x” =x/N; 
whence it is easily seen that the velocity remains unchanged. 
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fundamental relations more obvious in the mechanical case than in 
the electrical case, which is shown in Fig. 3b. 
Considering the forces on the system m, a’, m’ 


R(¥ng1—Vn) —R(¥n—Vn-1) = —™ pPy,—m'p*y,’. 
Considering the forces acting on m’, ; 
, : , m'g 
k'(vn—yn') = —m'p’y,’. where k’ =—-. 
a’ 
Combining, 
9 r,OLe 
m p* m' p*k » 4&2 
Vnt14+Va-1= 2-™P — es -by,= 214+Q)y,. pe =— 
¢ ? k  k(k’—m'p®)]° ¢ m 
i 
Or p= 





m p* k' 'm ) ? ( p? ) b! 
j= — — 1 + = — = = — — 1 + | ed ee 2 mS 
‘ 2k ( (k'/m' — p*) po (p2— p?) pz - 
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FIG. 3c. LOW and BAND PASS. 


v 
— 
vi« = velpcity in corresponding 
le — 85 continuous medium. 
r,*. 24 


The limits and other properties of the pass and stop bands are 
determined by using this value of Q in equations (6) and (8). The 
results are shown by the full lines of Fig. 3c. 

The physical interpretations of the critical frequencies are again 
interesting. The upper limit of the stop band, /;, is the resonant fre- 
quency of the element m, a’, m’ alone (corresponding to the series 
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branch in the electrical case), while the lower stop limits, /,; and /;, are 
the resonant frequencies of this element together with the adjacent 
halves of the springs on either side. There are two frequencies in this 
case, since this constitutes a coupled system. The stop band includes 
the resonant frequency /; of the pendulum m’, a’, and at this frequency 
the attenuation is infinite. Just below /; and /; the velocity is abnor- 
mally low, and just above /; it is very high, being infinite at /s. 

Altho all of these models have “dispersion” properties, in that the 
velocity is dependent upon the frequency, this one best illustrates the 
dispersion of light in material media, being indeed a simple and easily 
constructed mechanical picture of Sellmeier’s theory of anomalous 
dispersion. The correspondence is somewhat qualitative, but becomes 
exact if in this case as in the second, indefinitely great subdivision of 
the elements is considered to take place, keeping the pendulum lengths 
the same (i.e., keeping p; and p2 constant). /, then approaches infinity, 
f; approaches /;, and the velocity values approach those represented 
by the dash lines of Fig. 3c, whose equation’ is equivalent to that 
given by Sellmeier for one absorption band. Several absorption bands 
can be represented by having several pendulums, instead of one, sus- 
pended from each mass particle in the chain. 

IV. A radically different form of model must be devised to represent 
cases involving inertia coupling (corresponding to inductance in the 
shunt path of the electrical case) since the displacement of the coupling 
mass must now equal (y,—y,_1) to correspond to the shunt current 
(i,—i,-1). Fig. 4a shows what is perhaps the simplest means of 
accomplishing this, as illustrated by a high-pass filter. An endless 
(and massless) cord runs over a series of fixed and movable pulleys of 
negligible mass. The movable pulleys p support the coupling masses 
4m which are constrained to move in vertical paths. Points on the 
cord central between the fixed pulleys p’ and p’’ are attached to the 


* By the same reasoning used in the footnote, page 347, 


a mp? p?* px 
> 7 E5) =r Vit 





= Vo Vo 


# f.? 
| 2 
7 — oF p= —= Le 
oe? wy ' f?? V’ Viti 
fe-f? which is Sellmeier’s equation. Each 
sea = : ‘ fy? ’ 
additional pendulum adds an additional term of the form ————__ to the quantity under the 


s f 
radical. saat 
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free ends of the cantilever springs s (also of negligible mass). Consider- 
ing the forces acting on the n’th cantilever- 
B(V¥n41—Vn) @(yn-1— Vn) 
m ~ m - 
dt df 
(k is the “constant” of the cantilever s) 
Solution of this equation gives the characteristics shown by Fig. 4c. 





=k y,. 


The critical frequency is /i:= “e =. and at this frequency adjacent 
x ‘4m 


sections are moving in opposite directions. This type of model does 
not seem to be of any special interest aside from its filter characteristics. 











FIG. 4b. 














FIG. 4c. HIGH PASS. 


Figs. 5 and 6 illustrate how more complicated cases may be built up on 
this plan. 

In closing, some reference should perhaps be made to the usefulness 
of such models. Altho their use as demonstration models, both qualita- 
tively and quantitatively, is an obvious one, the purpose of which they 
were originally worked out was to serve as “models on paper” to help 
the student in visualizing the action of the electrical filters. As has 
been shown above, however, many of them are also of interest to the 
physicist as wave motion models, and the analogies which they show to 
the phenomena of dispersion of light are perhaps of considerable 
service in showing that, after all, the electrical filters are doing in much 
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the same way that which light filters have always done for the higher 
frequencies. 

It would seem further that, in consideration of the ease with which a 
large number of sections of the mechanical case may be built up, as 
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FIG. 6a. FIG. 6b. 


compared with the electrical case, as well as the convenience with which 
the behavior of the whole group may be observed simultaneously 
(and recorded photographically), they might be of very practical use 
in the study of the behavior of filter systems, especially of their reactions 
to impulses and other transient phenomena. 


GEORGE WASHINGTON UNIVERSITY, 
Wasuincton, D. C. 


Investigations on X-Rays and Beta-Rays by the Cloud Method. 
PartI. X-Rays.—C. T. R. Wilson returns to the utilization of the famous 
method he devised for observing the paths of individual charged parti- 
cles generated in or introduced into gases. Some of the photographs 
were made before the war, others in 1921-22. By taking stereoscopic 
photographs the space relations can be judged-much more quickly, if 
less accurately, than by photographing simultaneously two aspects 
at right angles. The source of X-rays is an old-type X-ray tube 
with platinum target, actuated by a non-oscillatory Leyden jar dis- 
charge giving a maximum voltage of 45,000 across the tube terminals; 
the beam of X-rays is narrowly limited by diaphragms, and the relative 
prominence of hard and soft rays in it is varied by filter screens. The 
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beta-ray tracks produced in air are classified into three groups; long 
trails of fast beta-rays, round blobs with a tail suggesting the name of 
“fish tracks,”’ and round blobs without the tail. The initial directions 
of the long trails are subjected to a statistical study; they are predomi- 
nantly in the plane containing the direction of propagation and the 
electric vector of the beam, as contrasted with the plane containing the 
direction of propagation and the magnetic vector; as the beam is only 
partially polarized, the predominance might be complete if a quite 
polarized beam were used. As for the angles between direction of 
propagation of the beam and control direction of the long trails, they 
seem to be grouped around three values; 45°, 90° and 135°. As the hard- 
ness of the X-rays is increased the 45° group gains rapidly, largely at 
the expense of the 90° group; the same variation is also noted when 
beta-particles of different ranges excited by the same X-rays are 
separately studied. F. W. Bubb has performed similar experiments 
with almost completely (90%) polarized X-rays, and finds that the 
fast electrons are usually more or less nearly parallel to (? coplanar 
with?) the electric vector, but with a pronounced velocity-component 
along the direction of the beam. The sphere tracks and the fish tracks 
occur only with relatively hard X-rays; the “head” of the “fish” is 
pointed in the direction of propagation of the X-rays, in which direc- 
tion, consequently, the beta-ray must start. It is estimated that the 
energy of such a beta-particle is 20,000 to 30,000 volts less than that 
of the quanta of the X-ray beam; the deficit cannot be interpreted as 
work necessary to extract the electron from any known orbit of an atom. 
It is suggested that these are electrons which have received the momen- 
tum of the quantum in the process of “‘scattering”’ it; either the entire 
momentum (Wilson) or the fraction calculated on the assumption of 
collision between electron and atom as between elastic spheres (A. H. 
Compton). The length of the trails is of the right order of magnitude, 
but some additional assumption must be brought in to explain why 
only hard X-rays produce such trails. The photographs often show 
two tracks, of the same or different types, starting from neighboring 
points or apparently from the same point. Some of these are probably 
cases in which a beta-particle is driven from the K-ring of one atom, and 
the K-radiation emitted from this atom during its reorganization 
expels an outer electron from the same or another atom. But there is a 
predominance of paired tracks in which both members start within the 
X-ray beam; and there are also cases where two long tracks start close 
together, generally in the same plane normal to the beam, and often 
at a perceptible time interval; these suggest that the simultaneous 
action of the primary and some secondary radiation is necessary for 
the production of a second beta-particle near the point of departure of 
a first one. [C. T. R. Wilson, Cambridge; Proc. Roy. Soc. A/04, 
pp. 1-24; 1923. F. W. Bubb, Washington Univ.; Nature, 112, p. 363; 
1923. A. H. Compton, Chicago; Nature, 112, p. 435; 1923.] 
K. K. Darrow 
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A TELESCOPIC MAGNIFIER FOR NATURALISTS 
W. B. Rayton 


The instrument here described and illustrated was made to meet 
the needs of Dr. F. E. Lutz, Curator of the American Museum of Natu- 
ral History, New York, and Dr. F. K. Richtmyer of the Department of 
Physics of Cornell University in some biological field work undertaken 
in Colorado in the summer of 1922. 

They desired to observe the behavior of insects upon flowers under 
sufficient magnification to permit satisfactory vision and yet from 
a distance great enough to avoid disturbing the insect sufficiently to 
cause it to fly away or to suspend or alter its activities. 

The instrument first contemplated was to be binocular. It was 
found, however, that there was a very considerable difficulty pre- 
sented by the great variation in convergence of the eyes required in 
varying the object distance. Experiments led to the conviction that 
the monocular form was preferable. Additional reason for preferring 
the monocular lay in the necessity for providing for large movements 
of the eyepiece to enable the instrument to be focused upon very 
close objects and for.a movement which could be accomplished with 
the least possible delay. These requirements of the focusing mechanism 
were much more difficult to meet in a binocular than in a monocular 
instrument. 

The instrument shown in the illustration consists of a monocular 
prism field glass with a modification of the eyepiece to permit a focusing 
movement of approximately an inch. This is sufficient to provide a 
focusing range, in the object space, from “infinity” to a point 30 inches 
in front of the objective lens. 

The magnification when adjusted for focus on a far distant object is 
6X. It can easily be shown that the magnification remains 6X for any 
other object distance provided that the eyepiece is adjusted for focus 
for an emmetropic eye and provided, further, that magnification be 
defined as 





Mag. = 
lg w 


wherein w’ is half the apparent angular size of the object seen through 
the instrument and w is half the angular size of the object viewed 
with unaided eye from the position of the forward focal. point of the 
objective lens. If we let w, in the above equation, represent half the 
angular size of the object viewed with naked eye from the same position 
as is assumed by the eye in looking through the instrument, then the 
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magnification increases with decrease of object distance until it reaches 
a value of about 8.9X for an object distance of 30 inches. Still another 
method may be adopted for defining the magnifying power viz. to 
define w, in the equation above, as half the angular size of the object 
seen with unaided eye from a distance of 10 inches. This is the cus- 
tomary way of defining the magnifying power of a microscope. Using 
this definition, the magnification is 2.4X for an object distance of 
30 inches and 1.4X for an object distance of 48 inches. 

A little experimentation showed that these magnifications were gen- 
erally sufficient. Higher magnifications would, of course, be accom- 
panied by a reduction in size of field of view. 


Fic, 1. Photograph showing Telemagnifier with eyepiece at extreme limit of focusing range. 
About ‘4 size. 

Although the eyepiece employed covers an apparent field of view of 
approximately 50°, the actual fields of view are none too large at the 
shortest object distances. At 30 inches the field covered is about 
3.5 inches and at 48 inches, about 6 inches. It is doubtful whether 
a field of view much smaller than 3.5 inches at 30 inches would be 
satisfactory except possibly for certain special work and, on the other 
hand, it is doubtful whether any moderate increase in this field would 
be of much value, for a flying insect which leaves the flower upon which 
it has been working usually moves far enough to carry it entirely out 
of a field of 3.5 inches and, indeed, so far out that a 25% or even a 50% 
increase in size of field will not be sufficient to permit its flight to be 
followed. This difficulty is experienced, of course, only at the shorter 
distances. 

The instrument constructed for the Colorado field work proved so 
useful to Dr. Lutz and Dr. Richtmyer that they both expressed the 
desire that it be made available to all naturalists who are engaged in 
similar lines of work. 


SCIENTIFIC BUREAU, 
Bauscu & Loms Opricat Company, 
Rocuester, N. Y. 
NoveMBER 7, 1923. 





A CONVENIENT SIMPLE PHOTOMETER TO 
MEASURE LOW BRIGHTNESS 


By Enocu Karrer AND A. PoriTskKy 


Several photometers have recently been described that are designed 
to facilitate brightness measurement where little photic power is 
available either on account of low brightness or small surfaces. There 
is nothing essentially new in any of them, including the one to be 
described presently. All these photometers eliminate the diffusing 
screens that are used in ordinary photometers, and utilize a lens 
system to bring an image of the luminous surface that is under inspec- 
tion into the eye, simultaneously with that of a comparison surface. 
The superiority and improvement of the particular instruments being 
described at the present time over the older forms lies in the fact that 
they are more compact and designed with a more definite knowledge 
of just where they may be used to greatest advantage. Indeed such 
forms of photometers as these for low brightness and small sources, 
have been suggested and used where no doubt the ordinary photometers 
were intended. At times this type of photometer has been termed a 
microphotometer;' and at times when designed for the measurement 
of the opacity of photographic plates they go by the appellation of 
densitometers.2, Among the older uses may be instanced that of 
Rayleigh,? as an example, where the idea is embodied in measuring 
the reflectivity of liquid surfaces. Brace gave considerable attention 
to this type of photometer and constructed a sensitive and efficient 
spectrophotometer without diffusing screens. The latter pointed out 
very clearly that such methods are admirably adapted to measure the 
transmission of the atmosphere* and the brightness of the stars. 


For example Meggers and Foote, J. A. O. S., 4, p. 24; 1920. 
* For example, Jones, J. A. O. S. & R.S. L., 7, p. 231; 1923. 
Moll, Proc. P. S. (L) 33, p. 395; 1921. 

* Phil. Mag. 34, p. 309; 1892. Other references might be given here some of even earlier 
date to different workers in various countries. 

‘ Astrophys. J. 1/, p. 6; 1900. 

* This method, using one light source only, yielded excellent results in some recent work 
on the transmission of the atmosphere. It was while this work was in progress that one of us 
tried out the type of photometer which we are about to describe. Bul. Bur. of Stand. 1920. 
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The essential idea in the photometers described by Gehlhofi and 
Schering,® and Fabry and Busisson® is as already indicated above, 
the elimination of all diffusing screens, so that an image of the surface 
under inspection may be thrown directly into the eye. These authors 
also eliminate the diffusing screens from the path of the comparison 
beam. This is in the interests of economy of the light and sensibility 
of the photometer so far as the test object of low photic power js 
concerned, but one may ask why treat both test and comparison beams 


alike in this respect? For a comparison source may easily be had amply 


powerful when sources of low power are under measurement. 

Accordingly, we have the comparison beam come from a diffusing 
surface. If for this diffusing surface we take a portion of a hollow 
sphere, not directly illuminated, then the means of varying the intensity 
of the comparison beam are simple. We have used a diaphram of 
variable aperture placed between two spheres. One of which furnishes 
illumination in the comparison field, while the other, containing a 
small light source illuminates the walls of the first sphere through the 
variable aperture. 

Reference to Fig. 1 will make the idea clear without much descriptive 
matter. A contrast Lummer-Brodhun cube 1, with elliptical field 
20 mm is mounted in a small brass box A to which are attached 
three tubes B,C, D. The first tube holds a lens 3, and exit aperture 
4, in an.extensible tube. The tube C holds the lens 2, which is 
directed towards the surface whose brightness is to be measured. The 
third tube D has an aperture 26, leading into a small hollow sphere 
5. The lenses are all the same, being objective lenses of standard 
Bausch and Lomb binoculars. Their focal length is 11cm, diameter 
3cm. 

The sphere 5 is optically continuous with another sphere 6 by 
means of a variable diaphram 12. The last sphere contains the minia- 
ture Mazda lamp 18. The photometric match is made by varying the 
area of aperture 12. Screens (not indicated in the figure) are inserted 
in the tubes B, C and D to eliminate scattered light and to restrict the 
field (especially on the comparison side). 

Some of the structural details may now be referred to. The spheres, 
5 and 6, are of paper fibre such as are made for geographic globes and 
for the matrix of certain metal covered floats. These are extremely 

5Z. S. f. techn. Physik /,-2, p. 247; 1920. 

® Revue D’Optique /, p. 1; 1922. 

+ Made by The Drake Process Machinery Co., Cleveland, O 
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light and we have found them admirably suited to portable photom- 
eters and for other photometric attachments and similar devices. The 
spheres are bound together by means of the aluminum strap, 19, 
which is retained by screws to the wood plates 10, firmly cemented to 


Diagrammatic sketch of simple photometer to measure brightness where little photic 
power is involved 


the spheres. The construction of the variable aperture 12 is shown 
in the insert of Fig. 1. In this insert one 7, of the aluminum plates 
7 and 8, which are attached to the wood plates is not shown in order 
to expose the plate 9, (also aluminum) having an opening 11 of a width 
varying from a maximum, which is equal to the diameter of the circular 
apertures in the spheres, to any desired minimum which in one case was 
about 1.5mm. This latter disk may be rotated by means of a lever 
handle about an axis 27, so that its tapering aperture determines the 
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size of the opening between the spheres. The position of the disk 9 
is read on a scale engraved on the disk 7, the index being borne by the 
handle of disk 9. 

The lamp 18 is received by a socket mounted in a hard rubber cylinder 
15 that screws into a brass cylinder 14, spun in to the wood base 13, 
that is glued to the sphere. For the sake of clearness this cross section 
of the lamp is shown in the plane of the drawing,—actually it lies 
in a plane perpendicular to it and passing through the two centers of 
the spheres. In the actual position there is little chance of direct 
illumination from the lamp filament on to the aperture 26. The pair 
of spheres is supported by a pair of tubular brass arms 28, attached to 
the wood plates 10 and to a collar 17 with locking screw and fitted to 
slide over tube D. Proper alignment is maintained by the wood fitting 
21. Color screens and other reducing screens are inserted into the 
opening of this wood fitting against the sphere and held in place by the 
end of the tube D. This is secured by proper adjustment of ring 17. 
It is sometimes convenient to have a holder for the surface or object 
inspected for which purpose the adjustable screen 24, with spring 
clamps and an aperture, is carried upon a thin walled steel tube 23, that 
is mounted upon the photometer tube B. 

The tapering aperture 11, which is moved when photometric matches 
are made may be designed to have a uniform depletion factor giving 
any desired slope of cut off, in the present case the relation between the 
uniform scale on disk 7, and the relative depletion of the variable 
aperture is shown in Fig. 2. 

While the present photometer was under construction we had 
improvised one having only one sphere containing the lamp, photo- 
metric balance being made by varying the current through the lamp, 
as has been done in certain other microphotometers which are adaptions 
of the ordinary disappearing filament type of pyrometer. The objec- 
tion to this method of making balance is the change in color. 


By the use of the spheres we eliminate one lens, two Nicol prisms, 
and one right angle prism which Gehlhoff and Schering use in the 
comparison beam; and one lens, neutral wedge, and right angle prism 
which Fabry and Buisson use. The spheres offer no mechanical or 
optical difficulties in mounting and use. 


With the photometer which we are describing we may accomplish 
the same things which have been enumerated by the authors already 
referred to and with the same accuracy. We have found it excellent 
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for the measurement of brightness through the potential cycle of a 
Neon glow lamp,’ for example, and in the measurement of other lumines- 
cent surfaces. We have tested it with very weak radioactive lumines- 
cence where the brightness was perhaps less than 10 microlamberts 
(10u1) and the luminous surface less than 1 mm square. It has already 
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been indicated in a foot note above that one of us had found this type 
of photometer useful in measuring brightness under searchlight illumin- 
ation and allied uses, and had improvised instruments similiar to the 
one described here. 

NELA RESEARCH LABORATORIES AND WIRE Division, 


NaTIONAL Lamp Works, G. E. Co., 
CLEVELAND, OxIo. 


A Simple Regenerative Vacuum Device.—The simplicity of the or- 
dinary siphon mercury gauge for the direct reading of pressures of a few 
millimeters recommends its extensive use, but the difficulties of securing 
and of maintaining a perfect torricellian vacuum in the closed tube are 
very great and frequently lead to errors of the order of one millimeter. 
The author describes a simple device for removing, more or less auto- 
matically, the air which has accumulated in the closed tube. The 
closed tube T of the manometer is extended by sealing thereon a double 
U-shaped capillary R, 0.5 mm diameter, which ends in a larger closed 


7 Proc. Phys. Soc. Recent Chicago Meeting, and J. Fr. I. (in press). 
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tube B parallel to 7. The whole system is filled with mercury as usual. 
When the pressure on the open tube is reduced mercury falls in both 
T and B, enough mercury remaining in B to cut off communication 
between the two chambers. Should any air accumulate in 7, it can 
be pushed over into B where it introduces no error in further use of the 
gauge. The application of this device to barometers, mercury vapor 
lamps, etc., is discussed. [H. P. Waran, Proc. Phys. Soc. London, 35, 
pp. 199-203; 1923.] 
F. K. Ricutmyer 


The Analysis of Bubbles in Glass.— Describes a unique way of liber- 
ating, for spectroscopic test, gas included in bubbles in glass. The glass 
is placed in one limb of an inverted guartz U-tube, mercury being placed 
in the other, and the whole evacuated. The arm containing the glass is 
heated until the glass softens and the glass is then suddenly cooled by 
plunging the tube in cold water and simultaneously throwing onto the 
glass the cold mercury from the other tube. This breaks the glass into 
small fragments thereby liberating the gas. Spectroscopic test can 
then be made by suitable sealed in terminals. [J. W. Ryde, R. Hud- 
dard, et. al. Proc. Phys. Soc. London 35, pp. 197-198, 1923.] 

F. K. Ricurmy: 


The Effect of Torsion on the Thermal and Electrical Conductiv- 
ities of Metals.— Describes a method for measuring change of thermal 
and of electrical conductivities on the same specimen. The effect of twist 
in most cases is to decrease the heat conductivity by a few parts in one 
thousand. The change in electrical conductivity is proportionally 
less, but in the same direction. For small twists, both effects vary 
approximately as the square of the twist. [Charles H. Lees and J. E. 
Calthrop, Proc. Phys. Soc. London, 35, pp. 225-234; 1923.] 

F. K. Ricurwy 


An Experiment Demonstrating Time Lag in Vision.— If a pendu- 
lum, vibrating in a plane, be viewed with one eye free and the other 
covered with a thin metal disk with a small hole in it, the motion of the 
pendulum will seem to be circular (conical pendulum). The reduced 
intensity of the image in the one eye causes a time lag in sensation 
greater than in the other eye, and binocular fusion of the two images 
gives the appearance of circular motion. [F. Ll. Hapwood, Proc. 
Phys. Soc. London, 35, p. 214, 1923.] 


F. K. RicutTmyer 














A PRISM SYSTEM FOR SMALL BROKEN TELESCOPES 
By G. W. Morritt 


The roof angled reflecting prism used in small broken, or elbow, 
telescopes is as compact and neat an optical part as could be desired. 
But along with its compact neatness and theoretical simplicity, it is 
one of the most difficult of all optical parts to produce in quantity. 
The error allowable in the roof angle is usually so small that the methods 
of quantity production—such as those used in the making of Porro 
prisms for binoculars—cannot be applied. Roof prisms must be 
finished by hand and one at a time. Highly skilled workmen are 
required and the rate of production is very limited and uncertain at 
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1. Prism erecting system for right angled telescopes. Geometrical relations showing 
how the system may be built up of four right angle reflecting prisms. 

In view of these facts I have attempted to devise a prism system 
free from roof angles and suitable for use in those instruments (chiefly 
military) in which it has been customary to employ them. In some 
cases, notably in the panoramic sight, we find that a roof prism may be 
very easily avoided by the use of parts already common. It is probable 
that its continued use in this instrument arises from a tendency to copy 
early designs. But in the right—angled, or elbow, telescope, so con- 
venient in a number of other cases, the problem of avoiding a roof 
prism is much more difficult because there is no other part of the in- 
strument on which we may impose a portion of the task of erecting 
the image. 

Of course one might provide an erecting system for an elbow tele- 
scope by placing an ordinary right angle reflection prism in the elbow 
and a reversion prism in the proper position before the objective. There 
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would be a number of rather serious objections to such a system, how- 
ever. Since the reversion prism must be placed in the object space 
it would add considerably to the length of the body tube. And 
since this prism does not lend itself to effective sealing, a protective 
front window would be almost imperative. Altogether, such a com- 
bination does not impress one favorably. 
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Fic. 2. Prism erecting system for right angled telescopes. Practical form. 





The system to which attention is directed here is of a very different 
type. It lies entirely between the objective and the focal plane, and 
consists of two parts that can be cemented together or left separated 
for adjustment as may be desired. The first part seems to be of a form 
that is new. It may be thought of as being built up from three ordinary 


reflecting prisms as shown in Fig. 1. But since there are no reentrant 


Fic. 3. Prism erecting system for right angled telescopes. Rounded edges. 


angles it may be formed from a single block of glass. When so con- 
sidered and reduced to its minimum dimensions, it takes forms such 
as those shown in Fig. 2 and Fig. 3. The second part of the system is 
an ordinary right angled reflecting prism. 

Fig. 4A shows the new prism system in a compact form of elbow 
telescope. There are none of the usual protruding body tubes but the 
whole instrument may be contained within a compact, strong casting 
that furnishes the maximum of protection to all the parts. Moreover, 
it is possible to completely assemble, adjust and clean the optical system 
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before attaching and sealing the cover. Fig. 4B, in connection with 
Fig. 4A, shows the relative size and form of the telescope with the new 
system in comparison with that of an instrument carrying the roof 
prism but otherwise of the same optical characteristics. 

The length of the glass path and the number of total reflections in 
the new system are the same as in the ordinary Porro erecting system, 
and like that system, the new one tends to flatten the field of the ob- 
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Fic. 4. Prism er-cting sys'ems for right anglel telescopes. A—New form. B.—Roof 
prism type. 


jective to some extent. Therefore, it should give a little better per- 
formance in low power, wide field instruments than is possible with 
the roof prism. 

It has been found to be free from ghosts of those classes that would 
interfere with the performance of an instrument of the type in question. 

The chief advantage, however, of the system just described lies in 
the fact that it is a straight-forward quantity production proposition— 
a circumstance that makes it worthy of consideration in a number of 
cases. 

FRANKFORD ARSENAL, 


PHILADELPHIA, Pa., 
Avucust, 1923. 


On the Effect of Magnetic and Electric Fields on the Mercury 
Spectrum.—Experiments were made to determine whether transitions 
from the metastable states of the Hg atom, 2); and 23, to the normal 
state 1S are produced by the action of external electric or magnetic fields. 
Since in luminous Hg vapor, atoms in these metastable states should 
be present in large numbers, any effect of external fields in producing 
these transitions should bring out the corresponding spectral lines 
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with considerable intensity. Experiments were made with homo- 
geneous transverse and longitudinal magnetic fields (15000 and 19000 
gauss respectively), with the condensed discharge, and with electric 
fields alone. The latter experiments included measurements of the 
Stark effect of the Hg spectrum by the Lo Surdo method. A vertical 
discharge tube with mercury cathode was projected on the slit of 
the spectrograph, thus utilizing the variation of electric intensity from 
the negative glow to the dark space; the maximum field strength was 
35000 volts/cm. The lines of the sharp series of triplets and the 
first lines of the diffuse series are unaffected, for the energy levels 
involved in the production of these lines deviate considerably from 
the hydrogenic terms having the same quantum numbers. As the 
term number increases in the diffuse series there is an increasing 
resemblance to the Stark effect of hydrogenic type, symmetrically 
arranged about the normal line. Many new combinations were found, 
of the types 2p;—mpj;, 2p;—mb;, and so on, up to lines which involve 
orbits of azimuthal number 8. These lines were studied as to their 
intensities, states of polarization and displacements in the field. The 
results are in general accord with the demands of theory; a detailed 
theoretical discussion will be published by Dr. W. Pauli. 

1S—2p; was not found at all; 1S—2p, was found to appear with 
considerable intensity in the condensed discharge, with fair intensity 
in the transverse magnetic field (constricted discharge), very faintly 
in the Stark-effect experiments, and not at all in the longitudinal 
magnetic field. The authors conclude that in no case is 1S—2p, 
produced by a homogeneous magnetic or electric field, but that it is 
caused by a complex action, such as increased current density due to 
the transverse magnetic field, or the action of the condensed discharge, 
which “is supposed to consist of forces from neighboring atoms and 
ions, constituting a rapidly changing and very inhomogeneous field.” 
{[Hansen, Takamine, and Werner; D. K. Danske Vid. Selsk. Math. 
Fysiske Medd. 5, No. 3. (In English.)] 


B. KuRRELMEY! 


‘*Pathe Baby’’ Motion Picture Projector.—This projector uses 
small film 10mmin width. Theimagesare6by8mm. The film has one 
row of perforations placed centrally between the images. The film shift- 
ing mechanism is of the claw type driven by an ordinary three-cornered 
cam working between parallel followers, and therefore cannot be as 
quick acting as is desirable. Provision is made for the automatic 
stopping of the film while titles or other still views are in the film gate, 
and for the automatic resumption of film motion at the end of a pre 
determined interval. [Revue d’Optique, 2, pp. 171-176; 1923.] 

G. W. Morriri 





CAMERA LENSES OF LARGE RELATIVE APERTURE 
FOR STELLAR SPECTROGRAPHS 
By G. W. Morrirr 


The investigation of certain important problems in astronomy 
involves the spectroscopy of very faint celestial objects. In this 
work spectrographs that have given so much good service during the 
past two or three decades in radial velocity determinations and allied 
problems are inadequate—great as the light gathering power of the 
giant telescopes that feed these instruments may sometimes be. Even 
when the dispersion is reduced to that of one prism the exposures often 
remain much too long for satisfactory results. 

In order to still further increase the light intensity in the image on 
the photographic plate, it is logical to reduce the focal length of the 
camera lens, thereby reducing the dimensions of the spectrum, in the 
hope of obtaining sufficient intensity in the image to make possible an 
exposure of reasonable duration. But this procedure necessitates a 
considerable increase in the relative aperture of the camera lens with 
a reduction in the allowable residual aberrations in keeping with the 
increased relative aperture and the reduced dimensions of the spectrum. 

Astronomers, ever active in their search for optical instruments 
best suited to assist in the solution of their problems, have conducted 
critical tests on all available types of lens at various times and in many 
ways. But no lens of very large relative aperture had ever been found 
that would give satisfactory results as the camera lens of a spectro- 
graph. Further advance seemed possible only by increasing the 
light gathering power of telescopes. But with the aid of the powerful 
telescopes of the present time new fields of research have come into 
view so that now the astronomer is as desirous as ever before of increas- 
ing the range of his spectrograph. 

Some time ago while occupied with certain problems in the design 
of an F/2 projection lens the writer obtained formulas exhibiting a 
type of correction suitable—after some modification—for use as a 
spectrograph lens of high relative aperture. Examination of an experi- 
mental lens confirmed this deduction. The matter was brought to the 
attention of astronomers by Dr. F. E. Ross, who had examined the 
experimental projection lens and, in fact, first suggested its possible 
use in stellar spectroscopy, with the result that Dr. J. S. Plaskett 
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ventured to order a lens for the Dominion Astrophysical Observatory 
at Victoria, B. C., on the strength of predicted performance. 


THEORETICAL REQUIREMENTS 


At this point it may be well to consider in some detail the theoreti- 
cally desirable corrections in a spectrograph camera lens of very large 
relative aperture, as well as those details in which a close correction is 
not necessary. A lens of the type in question must possess certain 
corrections to a very marked degree but may at the same time be 
utterly lacking in some of the ordinary corrections found in high 
grade photographic anastigmats. Of course no one would object if 
all kinds of corrections could be obtained in one lens, but such a lens 
has not yet appeared and there seems to be very little reason for 
striving to obtain one at the present time. Thus the problems involved 
in the design of a wide aperture lens corrected for astronomical spec- 
troscopy are different in a number of respects from those involved in 
the design of anastigmats, and, in fact, of any other optical system. 

In regard to color correction it would be convenient to have the 
wave length of minimum back focus correspond to that of minimum 
deviation in the spectrograph although this is not imperative for even 
if there be considerable departure from this condition, simultaneous 
focus for the sharply rendered spectral region may be had by tilting 
the plate. The adjustment of the collimator lens achromatism also 
plays a part, and it would be of no avail to be meticulous about camera 
lens achromatism when the actual state of the color correction in the 
collimator lens is uncertain or unknown. Nor is it necessary to maintain 
any given condition of achromatism of equivalent focal length so long 
as a reasonable degree of freedom from color is maintained in the back 
focus. The result of color variation in equivalent focal length would be 
to introduce a kind of distortion in the spectrum—a matter entirely 
inconsequential in a prism instrument with its inherent irrationality 
of dispersion. 

To work successfully at an aperture of F/3, or greater, it is very 
necessary that the lens be exceptionally free from variation of spherical 
aberration from point to point of the entrance pupil of the lens. This 
is sometimes expressed as freedom from zones, and perhaps most 
aptly and graphically, as a “flat” spherical aberration curve. The 
degree to which freedom from zones was realized in the actual lenses 
will be mentioned in the account of the construction and tests of the 
lenses. 
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Great care must be taken to eliminate coma. The fulfillment of the 
sine condition is decidedly inadequate in lenses of this character. For 
any given field angle upper and lower rays should be traced and these 
should intersect the chief ray at the point where the primary image is 
located. At the same time it is well to satisfy the sine condition. 
This greatly complicates the problem but the simultaneous fulfillment 
oi the two conditions is desirable if the result is to be entirely satis- 
factory. 


The primary image surface must lie in the plate plane. Correction 
for astigmatic difference is not necessary although its reduction is 
desirable. The primary image of a distant point source must be a 
straight line: otherwise the image of a slit will show a fringe on one 
side not unlike that produced by certain manifestations of coma. 





Fic. 1. Modified Petzval type of F/3 spectrograph camera lens in approximately correct 

proportions. 

At first glance this general statement of conditions does not seem to 
be as severe as that required for the high grade photographic anastig- 
mats, and in some respects it is not. On the other hand the small 
permissible values of the residual aberrations make precise adjustment 
imperative. 

THE First LENs 

A diagram of the first lens to be constructed* is shown in Fig. 1 
in approximately correct proportions. Borosilicate crown and medium 
flint glasses were used. Calculations had given for this lens a set of 
residual aberrations of very satisfactorily small magnitude. The 
fact that no retouching was required to bring the definition to the 
standard of excellence demanded in astronomical spectroscopy indicates 
that this type of lens is very free from zonal aberration even at the 
great relative aperture of F/3. It also shows that the formula was 
very closely followed in the making of the lens and, moreover, speaks 
well for the quality of American made optical glass. 

Precise tests on the lens bench, using light of wave length 44400, 
revealed the fact that the primary focal surface was flat within 0.1 


* The lens was made by Mr. J. B. McDowell. 
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mm as far as 10° from the axis. This is from three to six times the 
field actually needed. The field characteristics are plotted in Fig. 2 
for the actual lens of equivalent focal length 255.1 mm. No coma 
could be seen and the primary image was clean and straight. Remark- 
able freedom from residual chromatic aberration was found as shown 
in Fig. 3, in which actual values of back focus are plotted against wave 
length. 


Field Angle 
Fic. 2. .Fiedd characteristics of the F/3 spectrograph camera lens as measured on the le) 
bench. 


In the spectrograph the performance of the lens was tested by the 
well known methods usually employed for this purpose.* The results 
are shown in the curves of Fig. 4. With three prism dispersion the spec- 
trographic field was flat within 0.05 mm from \3900 to A5000, the 
whole photographic stellar spectrum. When used with two prisms the 
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Fic. 3. Residual chromatic aberration of the F/3 spectrograph camera lens as measured 
the lens bench. 
field was slightly convex toward the lens but everywhere within 
0.07 mm of a properly chosen plane. With one prism the field was 
more convex toward the lens and departed from a properly chosen 
plane by something over 0.1 mm. In all cases the definition easily 
met the critical requirements of stellar spectroscopy. 

Thus for two and three prism work the lens proved to be satisfactory 
in every way but when used with one prism the field became so convex 
toward the lens that the photographic plates could not be bent with 
safety to fit the curvature of the image surface. 


* Results kindly submitted by Dr. Plaskett. 





Feb., 1924] SPECTROGRAPH CAMERA LENSES 369 


Question immediately arises as to the cause of this pronounced 
variation in, effective primary field curvature with variation of prism 
dispersion in a lens whose true primary field has been found by lens 
bench tests to be actually flat within the limits required for practical 
work in stellar spectroscopy. Here is a lens whose primary field is 
flat out to 10° from the axis—perhaps farther—and whose astigmatic 
difference at 2° from the axis is barely detectable, and yet when used 
in the spectrograph with one prism images only.1.5° from the axis 
are so far behind the focal plane that a photographic plate cannot be 
bent far enough to fit the focal surface. The explanation is really 
not far to seek. It is to be found in the residual chromatic aberration 
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lic. 4. Showing the performance of the F/3 spectrograph camera lens in the spectrograph 
with one, two, and three prism dispersion. 
ot both collimator and camera lenses—although in this particular 
case the former causes most of the effect since the camera lens displays 
very little secondary spectrum. The actual primary field (with mono- 
chromatic light) is in reality a little concave toward the lens and when 
the three prism spectrum is imaged the ends of it fall a little farther 
from the lens than would be the case for monochromatic light of wave 
length equal to that imaged on the axis, and therefore enough field 











370 G. W. Morritt [J.O.S.A. & R.S.1., 8 


flattening due to residual color aberration is in evidence to counteract 
the very slight real concavity of field. But with one prism dispersion 
the whole spectrum is compressed into about one third the field of the 
three prisms. This enhances the tendency toward convexity of field 
due to residual color aberration. Moreover, at the small field angles 
now considered the real concavity of field has very little neutralizing 
effect. 

Since there is need for a one prism arrangement it is highly desirable 
to obtain a flat field with that dispersion. There are two ways of doing 
this. The one would be to eliminate the secondary color, the other 
to accept the secondary color and make the best of it by introducing 
sufficient real curvature of the primary field to counteract the secondary 
spectrum effect when one prism is used. There is a marked difference, 
however, in the two resulting systems. The one would lead to an 
instrument giving a flat spectrographic field for all prism dispersions; 
the other would give a flat field only for the particular dispersion for 
which it was designed. On the other hand, the use of an apochromatic 
collimator lens would very likely detract from the excellent performance 
of the cemented triplet lens which, when used in both collimator and 
camera has done so much good work at ordinary relative apertures. 
It is probable therefore that instead of developing an apochromatic 
collimator lens it would be better to develop interchangeable camera 
lenses especially corrected for the various uses and intended to be 
used in conjunction with a triplet collimator lens of the usual type. 

In order to supply a lens that will serve satisfactorily for one 
prism dispersion and at the same time be interchangeable with all 
the other lenses of the spectrograph without disturbing the collimator, 
a new lens is being constructed especially corrected for one prism work. 

It may be well to note in passing that in the above mentioned 
balance of residual chromatic aberration against true field curvature 
one finds an explanation for the surprisingly good results obtained in 
instruments of ordinary relative aperture with a cemented triplet in 
both collimator and camera. And it may be that equally good results 
over a wider field could be obtained in instruments of this class by a 
careful.control of these factors. 

Lenses quite similar to the first one, and yet sufficiently different 
in their dimensions and intended uses to necessitate a complete redesign 
in each case, have been constructed for the University of Michigan and 
for the Mount Wilson Solar Observatory. Preliminary tests of these 
have given promise of excellent performance. 





Qo _— -— -—- - 


~~ - | 











Feb., 1924] SPECTROGRAPH CAMERA LENSES 371 


SUMMARY 


1. Critically corrected spectrograph camera lenses working at 
relative apertures of F/3 have been designed and constructed. There 
is reason to believe that the relative aperture could be increased to 
F/2. 
2. Not only has the relative aperture been greatly increased but in 
addition the whole of the stellar photographic spectrum can be imaged 
sharply on the plate, thereby greatly expediting the work of the 
spectroscopist in many cases and increasing its value. Other lenses— 
notably the remarkable ones recently designed by Dr. Ross, that have 
true astigmatic correction and flat field over the whole three prism 
spectrum—are of comparatively small relative aperture (F/6 or less) 
in contrast with the large relative aperture of the lenses just described. 

3. Tests of these lenses have emphasized the necessity for carefully 
considering the relations between residual chromatic aberration and 
field curvature in a spectrograph and indicate the necessity for a very 
delicate balance between the two, especially in instruments giving a 
spectrum on a short scale. 

FRANKFORD ARSENAL, 


PHILADELPHIA, PA., 
Avcust, 1923. 


A Flicker Type of Photoelectric Photometer giving High Pre- 
cision.—A photoelectric photometer is described designed to measure 
the densities of filters or photographic plates. ‘Two beams of light are 
taken from an electric lamp having a small compact filament. Both 
beams fall on the photoelectric cell after traversing different paths, 
one having passed through the plate whose density is to be measured, 
and the other through an adjustable standard optical wedge. A shutter 
revolving round the lamp shuts off each beam alternately, so that in 
general when the light traversing the two paths is different the galva- 
nometer will be continually oscillating. If the wedge be adjusted until 
there is no oscillation the light traversing the two paths will be equal. 
A second short wedge allows preliminary adjustment to be made so that 
the two beams are equal when, say, the main wedge is in the zero 
position and there is no plate on the other path. 

The density is obtained in one operation. It is not necessary that 
the light or potential on the cell should remain accurately constant. 
Large densities are measured with exactly the same accuracy as small 
densities. Since the total galvanometer deflection can be many times 
greater than the actual field of view great precision in setting can be 
obtained. The author states that the individual readings can be easily 
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made with a probable error of 0.1 per cent. [G. M. B. Dobson, Proc. 
Royal Society, A 104, pp. 248-251, 1923.] 


L. Bene 


Methods for Producing the Higher Members of the Balmer 
Series in a Vacuum Tube.—In a “vacuum tube” containing hydrogen 
at .001 mm Hg or somewhat lower pressure, with a hot filament cathode, 
the spectrum of the discharge shows the Balmer series up to at least the 
19th member, with the relative brightness of higher to lower members of 
the series and the relative brightness of the series as a whole to the second- 
ary spectrum both increased over the ratios observed in the spectrum 
of a cold cathode discharge. In the cold cathode discharge, however, 
(the pressure of the hydrogen being necessarily much higher than in 
the experiments with hot cathode) the Balmer series appears by itself 
in the cathode dark space. It seems probable that in both instances 
the predominance of the Balmer lines is due to the dense rain of elec- 
trons, tending to neutralize whatever H* ions are formed before they 
can recombine with the H™ ions; to which the rarefaction of the gas 
in the first experiment, by retarding recombination, contributes. 
[R. Whiddington, (Leeds); Phil. Mag. 46, pp. 605-607; 1923.] 

K. K. Darrow 


Some Properties of Total Radiation of Luminous Sources.— [he 
first part of the article gives numerical data pertaining to the total radi- 
ation of luminous sources at different temperatures. The second part is 
devoted to considerations, in accordance with the most recent data, of 
the variation of the brightness and the output of these sources as a 
function of the temperature. Crova and Macé de Lépinay have sug- 
gested that the difficulties of heterochromatic photometry be avoided 
by making photometric comparisons at one or two specified regions of 
the spectrum. This method evidently will not do for sources having a 
spectrum of lines. Likewise, it is shown in the third part of the article 
that in the case of sources @ rayonnement integral for which the tempera- 
tures are not the same the results are not good. Simple variations of 
the method are proposed giving good comparisons for sources whose 
temperature difference is more than 2000°. [A. Boutaric and M. Vuil- 
laume, Revue d’Optique, 2, pp. 41-56; 1923.] 

CG. W. Morritt 


High Intensity Monochromatic Illuminator.—In this illuminator 
high spectral purity is obtained through the elimination of scatter by 
coupling two complete monochromatic illuminator systems in series. 
The dispersing systems are stationary, the wave length being controlled 
by moving a slit along the spectrum formed by the first half of the 
instrument. [P. H. van Cittert, Revue d’Optique, 2, pp. 57-59; 1923.] 

G. W. Morritt 











A SIX-PRISM GLASS SPECTROGRAPH AND A 
NEUTRAL WEDGE 


By Joun Stuart Foster 


The glass prism spectrograph described here has been designed and 
built for use in an investigation of the Stark effect in gases. In this 
work the best dispersion for a satisfactory observation of the effect 
varies with the specific problem at hand. Usually a number of prisms 
are needed to yield a fine analysis in the case of many red, yellow, and 
green lines. Such an arrangement, however, is not generally the best 
for a study of the violet region where many of the lines are weak. If 
a line, initially weak, is split into several components, then the danger 
arising from very high dispersion lies in the fact that the components 
may be made so diffuse as to prevent their appearance on the plate. 
In addition, light is needlessly lost by reflection and absorption. This 
spectrograph has been made flexible, therefore, as regards its dispersion. 
A second necessary quality is rigidity. This is demanded of the 
instrument by reason of the very long exposures which are frequently 
necessary. To meet this requirement the mountings have been made 
of metal throughout. 

The collimator and camera lenses are Hastings-Brashear doublets of 
115 cm focal length and 7.6 cm aperture. The six prisms were made 
by Kriiss and reground by Brashear. The faces are circular and 6.0 
cm in diameter. 

Two rigid supports of heavy iron pipe give the optical parts a con- 
venient elevation. One of these is used for the collimator and dispersive 
system, and the camera is built into the other. The collimator tube 
is supported at the rear by an iron cross-bar and is so pivoted that 
it may be turned about a horizontal axis through the lens. By means of 
a screw near the slit (see Fig. 1.) the axis of the tube is adjusted to lie 
in a principal plane of the prisms. The prisms are placed on a flat 
cast iron base 25 cm in diameter. ‘Three levelling screws attached 
to this base rest on two additional cross-bars the ends of which are 
shown in the photograph. In order to make the region around the 
prisms light tight a special chamber has been built. A _ horizontal 
cross-section through the central portion of the prism chamber is 
represented in Fig. 2. At the bottom a thick ring of well-seasoned wood 
is fitted loosely around the iron base. A similar ring exists at the top, 
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and into each of these rings there is cut a circular groove 1.5 cm wide. 
Into these grooves are fitted vertical strips of mahogany together with 
the special fittings needed to connect the chamber with the collimator 
tube and the camera box. The construction is such that the chamber 
may be taken apart easily and rebuilt with the camera fitting in any 
position determined by the number of prisms employed. An arrange- 














Fic. 1. Six-prism glass spectrograph. Insert represents the p-components of the Stark 

effect for the helium line d 4388. 
ment suited to three prisms is roughly indicated in Fig. 2. When six 
prisms are used it is necessary to move the first one back further from 
the collimator lens, and arrange them compactly about the center of 
the chamber. There is a circular cover at the top of the enclosure. 
After this is removed one may reach in and adjust the prisms. The 
photograph shows the relative position of the parts when all the 
prisms are in use. 
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The camera support has three legs each of which is supplied with 
a heavy adjusting screw. The immediate support for all fittings is a 
special casting. One end of this rests on the front leg while at the 
rear it is held rigidly by wings which lie along the upper cross-pipe 
of the main frame. An extension of this casting projects downward and 
serves aS a mounting for the plate-holder to be described later. The 
lens mounting is very similar to that in Hilger’s quartz spectrograph, 
type E:; there are two variations only. The screw which moves the 
lens is turned by means of a knob at the side of camera box, and the 


Fic. 2. Cross-section of prism chamber. 


position of the lens is indicated on an external scale. The sides of the 
camera box run parallel as far as the lens mounting extends and then 
spread out to match the plate-holder frame. The plate-holder and its 
frame are of aluminum and of sufficient size to receive a plate 20 cm 
long and 3 cm wide. The frame is attached to a heavy shaft which 
is held in a vertical position by two V-blocks supplied with yokes. 
The axis of this shaft passes through the emulsion at the center of the 
plate. By this arrangement two adjustments of the plate are permitted. 
It may be displaced vertically in order to make several exposures on 
one plate; and rotated about a vertical axis to secure the best focus over 
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the region under investigation. During the latter operation the focys 
of a line at the center is unchanged. The vertical motion, which js 
executed by means of a screw beneath the shaft, may be made with 
great accuracy when necessary or convenient. Ordinarily, however. 
it is satisfactory to space the spectra by watching a rough scale on q 
small rod (see Fig. 1.) which projects downward from one end of the 
plate-holder frame. This rod runs very accurately parallel to the main 
supporting shaft and is a part of the mechanism which takes care of the 
angular adjustment of the plate. A cross-section of the rod is repre- 
sented in Fig. 3 along with the scheme for clamping it to and releasing 
it from a horizontal bar. The latter is so mounted at one end that it 
may be rotated about a vertical axis near but not coinciding with that 
of the main shaft. The other end of the bar is bevelled and passes over 
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Fic. 3. Cross-section of mechanism for regulating angular adjustment of plat: 


a curved scale located on top of one of the rear legs of the camera 
support. This enables one to keep an accurate record of angular set- 
tings. The camera box rests on the casting already described. It is 
joined to the prism chamber and the plate-holder frame by suitable 
leather bellows. A door at the top of the box makes the lens mounting 
accessible. Near the plate-holder a small table with raised border is 
mounted. The castings and exposed screw threads have been filled 
with iron cement and all heavy metal parts coated with enamel 
The more important mountings have been made very skillfully by 
Mr. E. F. Barnes. With six prisms the dispersion is 2 A/mm in the 
violet. 

The insert in Fig. 1 is an example of the work done by this instrument 
with three prisms. It represents those Stark effect components for 
the helium line \4388 having electric vector parallel to the field. 
It is selected for publication here because it shows rather clearly some 
known interesting features of this line.' Unfortunately the end of the 
slit cut off the components before they had reached “zero” field. As 


1 Takamine and Kokubu, Mem. Coll. Sci., Kyoto, 3, p. 275; 1919. 
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a matter of fact it is well known that they start from four different 
origins in the manner suggested by the photograph.* The pair to the 
left are the only ones starting from the position of the ordinary line. 
The next component starts on the violet side and crosses over to the 
red side as observed by Takamine and Kokubu; but apparently at a 
lower field than that mentioned by them. The displacements here 
correspond to a maximum field of about 40 kv/cm. The feature of 
perhaps the greatest interest is the decrease in intensity of a violet 
component with increasing field. Such an effect is predicted for certain 
transitions; but it does not appear in Hy, the hydrogen line which 
corresponds to this helium line. It has been found that the calculated 
wave length at zero field for the isolated components on the extreme 
right is such as to fit into a combination series. No especial attention 
has been given to the fact that there are other isolated components. 
Recent observations by the writer have shown that the Stark effect for 
the later members of the diffuse series in the singlet system is, in some 
detail, strikingly similar to that for the Balmer series. Similarity 
exists in respect to the number of components for corresponding 
lines, the polarization of the components, and their relative intensities. 
As the isolated components fit perfectly into the Balmer series pattern, 
the new observations suggest the consideration of the limiting positions 
of these components as indicating a fine structure comparable to that 
in hydrogen.* The analysis obtained in this investigation is due to a 
new design of the Lo Surdo discharge tube as well as to the rigidity and 
dispersion of the spectrograph. 

(Note. Since this article was written the author has assigned to 
new combination series all ‘isolated components” here represented.] 


A NEUTRAL WEDGE 


In a previous investigation the writer found it convenient to employ 
a neutral wedge such as has been described by Nicholson and Merton.‘ 
It is difficult to choose a wedge of suitable density for the measurement 
of relative intensities of weak lines especially, without definite knowl- 
edge of the properties of the glass from which the wedge is to be made. 
A note is therefore added descriptive of a certain wedge made by the 
John A. Brashear Co. Ltd. from a dense greenish blue glass which the 
company has in stock. 

2H. Nyquist, Phys. Rev., /0, p. 226; 1917. 


+H. A. Kramers, Intensities of Spectral Lines, p. 80, Copenhagen; 1919. 
* Nicholson and Merton, Phil. Trans., 2/6, p. 459; 1916. 
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The angle of the wedge is nearly eight degrees and the length of the 
dark glass is seven millimeters. It is corrected with colorless glass 
otherwise optically the same so that the two form a plane parallel plate. 

The writer has experienced a little difficulty in calibrating this 
wedge in the manner described by Nicholson and Merton. These 
authors used as a source an ordinary discharge tube filled with helium 
and excited by an induction coil. After one exposure had been made 
the plate was moved a little to one side and a second exposure made 
for the same time but with the light reduced to one-tenth of its original 
intensity by means of crossed Nicols. The difference in the heights 
of the photographic impressions of a particular line was used to deter- 
mine the wedge density for that wave length. In using this method 
there is some chance for a variation in the intensity of the light during 
either or both exposures. There may be a change in the device for 
exciting the tube or there may be a change in conditions inside the 
tube, either of which could alter the intensity. In order to eliminate 
external trouble the writer built a three-element vacuum tube generator 
which supplied 10,000 volts.° Excited by this, a tube filled with pure 
helium was run as long as four hours with no change in the current so 
far as could be detected. If the tube is well aged and connected with a 
large volume of pure helium, it seems probable that with care it may 
be used with satisfaction; but apparently it is not easy to secure a 
constant source of discontinuous spectrum. 

An obvious method for calibrating the wedge and one which is 
reliable and can be conveniently employed with the spectrograph 
described here is as follows. An incandescent lamp with a tungsten 
ribbon filament and lighted by a constant current served as the source. 
After one exposure had been made the plate was raised a known 
distance d, and a second exposure made with the intensity reduced to a 
known fraction by Nicols. To measure the distance d, a small measur- 
ing engine was mounted on the table of the spectrograph and the 
microscope was sighted on a fine scratch on the plate-holder frame. 
The displacement of the frame was then easily determined. To identify 
wave lengths a spectrum from an iron arc was placed between the two 
continuous spectra. 

We assume that light of intensity 7,, which has just penetrated 
the first surface of the wedge, is reduced to J, given by 

I,=I.e-" 


* W. C. White, G. E. Rev., 20, p. 635; 1917. 
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where x is the thickness of dark glass penetrated. It is convenient to 
define the wedge density per millimeter, for a particular wave length, as 
logiol:/Is 
I,—l, 

where J, and J, are two intensities associated with a frequency corre- 
sponding to Dy, and /, and /, are wedge lengths in millimeters which will 
reduce these intensities to a common value. The quantity /,—/, is 
found from an enlargement of the plate. The method last mentioned 
has given these results: , 


Dy = 











din AU. | Dy 
4144 1.11 
4341 0.88 
4388 0.85 





The earlier calibration showed that the wedge was nearly neutral 
over the region 4700A-4900A with a density varying little from 0.65. 


NATIONAL RESEARCH FELLOWSHIP, 
SLOANE Prysics LABORATORY, 
YALE UNIVERSITY. 
Jury 25, 1923. 


High Speed Cinematograph.—This apparatus, constructed by 
André Debrie according to the patents of M. Labrely, is capable of mak- 
ing 240 impressions per second. These, when shown at the rate of sixteen 
per second, reduce the apparent speed of the object photographed 
to one fifteenth of its actual value. Such an apparatus has a multi- 
plicity of uses. 

The film shifting mechanism, which is of the claw type with positive 
lock, is light and compact, and is claimed to be very dependable and 
accurate in its functioning. [Revue d’Optique, 2, pp. 204-208; 1923.] 


G. W. Morritt 


Photoelectric Cells and Their Application to Photometry.—After 
having recalled to mind the fundamental laws of photoelectric phenom- 
ena the author describes the photoelectric properties of the alkaline 
metals (the normal and the selective effect). He takes up the study of 
potassium cells containing a rarefied atmosphere of a neutral gas for 
amplification of the photoelectric current by ionization by collision. In 
particular he indicates the conditions for obtaining a cell in which the 
incident luminous energy and the photoelectric current are strictly 
proportional. He then studies the sensitiveness of the various alkaline 
metals and of their hydrides as a function of the wave length of the 
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exciting light and gives some facts concerning the inertia of the cells 
and the variation of their sensitiveness in the course of time. [M. G. 
Rougier, Revue d’Optique, 2, pp. 133-166; 1923.] 

G. W. Morrin 


Testing of Pentagonal Prisms.— The purpose is to explain a method 
of measuring the deviation error and the pyramidal error without neces- 
sarily concerning oneself with the dependence of these on the angle 
errors of the prism. When one places a penta prism before the objec- 
tive of an autocollimating telescope one sees two or four images of the 
reticule for certain positions of the prism. If the prism were perfect 
these would unite in one. It is possible to measure the imperfections of 
the prism by observation of these images and by a study of the succes- 
sive reflections causing them. The angle errors of the prism itself may 
also be studied and determined. [A. Aubertin, Revue d’Optique, 2, 
pp. 276-287; 1923.] 

G. W. Morrirt 


Influence of Helium, Argon, and Oxygen on the Secondary 
Spectrum of Hydrogen.—The intensity relations among various lines 
of the hydrogen secondary spectrum are known to be greatly changed 
by the presence of helium in the vacuum tube. Barratt finds that argon 
produces changes of the same general kind, but less extensively and to a 
less pronounced degree; each gas enhances certain lines not affected by 
the other, but helium has the greater effect. Oxygen, judging from the 
comparison of spectra from a tube containing pure hydrogen and one 
containing water vapor, is without effect. [S. Barratt, (Oxford); Phil. 
Mag. 46, pp. 627-630; 1923.] 

K. K. Darr w 


Direct Reading Chronograph.— Description of a simple arrange- 
ment that can be constructed with the resources available in most labora- 
tories, and permitting the registration of the time by a free pendulum. 
In this arrangement the pendulum is fitted with a numbered dial and 
an optical reference mark. An electric spark which is made to pass 
at the instant to be recorded, permits the photographing of the portion 
of the dial around the mark. On examination one may detect imme- 
diately without measurement or calculation the thousandth part of 
a second. [Henri Chretien. Revue d’Optique, 2, pp. 269-275; 1923.] 

G. W. Morrit 





A PHOTOELECTRIC MICROPHOTOMETER FOR 
PHOTOGRAPHIC DENSITIES 


By J. O. PERRINE 


The necessity for measuring the photographic density of a minute 
portion of a photographic plate has resulted in the design of several 
types of microphotometers. In Scientific Paper No. 385, U. S. Bureau 
of Standards, Meggers and Foote refer to several microphotometers 
and describe their use of a new type which is an adaptation of a mi- 
cropyrometer.' 
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Fic. 1. Diagrammatic Sketch of Photoelectric Cell Microphotometer. 





In connection with a study of the production of ultraviolet fluores- 
cence by X-rays, a need arose for a microphotometer by which the 
distribution of blackening could be obtained for spectrograms of the 


type shown in Fig. 7. These spectrograms were obtained by use of a 
Fuess spectrograph, and record the visible and ultraviolet fluorescence 
produced by exposure of various substances to X-rays.’ 

Although the blackening of a photographic plate is not directly 
proportional to the time of exposure and although the emulsion is not 


1 B.S. Bulletin, 9, p. 475; 1913. Sci. Pap. No. 198. 
? Physical Review, 22, p. 48; 1923. 
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equally sensitive to equal amounts of radiant energy of different 
wave lengths, it was considered worth while to obtain distribution 
curves. By such curves, comparisons of the wave length and the 
intensity of the emission maxima could be made for different sub- 
stances. 

Arrangements were, therefore, made to place the photographic plate 
in front of a narrow illuminated slit and the light passing through the 
different portions of the blackened area fell upon a photoelectric cell 
placed below the plate. The intensity of the light was assumed to be 
proportional to the current produced and, in turn, proportional to the 
galvanometer deflections. In the actual setup, a Central Scientific 
Company comparator was used with several abridgments. Fig. 1 shows 
the schematic arrangement of the apparatus. The eye piece, cross hair 
and objective of the comparator telescope were removed, leaving only 
the telescope tube. A 100-watt, single coil, filament lamp was mounted 
on the telescope tube at the upper end. A lens placed within the tube 
focused the light on a slit at the center of a metal plate fitted in the 
lower end of the tube. The slit was .25 mm wide and 2 mm high. 
The photographic plate, whose density distribution was to be found, 
was clamped to the comparator stage. 

By means of the thumb screw which ordinarily raises and lowers the 
telescope along its own axis, the system consisting of lamp, lens, and 
slit could be moved as a single unit. The slit was lowered to within 
.5 mm of the surface of the plate on the comparator stage. The light 
which was transmitted by the small area of the plate in front of the 
slit entered the photoelectric cell. Proper precautions were taken to 
keep out all extraneous light. See Figs. 2 and 3. 

By various adjusting screws which moved the comparator stage, 
it was possible to place the 5790 A.U. line of the mercury comparison 
spectrum at the position 25.000 mm on the stage scale. This adjust- 
ment was assured by a minimum deflection of galvanometer indicating 
that the narrow black line on the plate was directly beneath the slit 
in the base of the telescope tube. Later, the plate was shifted until 
the fluorescent band came directly beneath the slit after which the 
plate was moved along the length of the fluorescent band by steps of 
.400 mm and resulting galvanometer deflections were recorded. 

As is stated above, the 5790 A.U. line in the mercury comparison 
spectrum was always placed at the 25.000 position on the comparator 
stage. In order to determine the position of the other known lines 
in the spectrum, readings were made on fifteen different plates. In 
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Fic. 3. Microphotometer Rear View. 
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Fic. 5. Distribution of Blackening Throughout Fluorescent Bands Resulting From Different 
Exposures of Caesium Chloride. 
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each case, the minimum deflection indicated the passage of a spectral 
line. The average position of these lines was plotted against wave 
length and from the curve it was possible to find the wave lengths 
corresponding to intermediate positions. The accompanying plate 
indicates how satisfactorily the photometer will identify an individual 
spectral line. (See Fig. 4 and Fig.7 Plate 1.) The relative intensities 
of the different spectral lines can be very satisfactorily compared by 
finding the ratio of the ordinates on the curve. This gives more satis- 
factory information regarding the relative intensity of the lines than 
does a visual inspection of the photographic plate. 
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Rubidium Chloride, Potassium Chloride and Sodium Chloride. Two Exposures. 

The Elster and Geitel type of photoelectric cell was first tried but 
the leakage current or the so-called dark current observed when a 
cell is placed in complete darkness was so large that reliable results 
could not be obtained. The Kunz* photoelectric cell was, however, 
found to be very satisfactory. When 120 volts was used, the dark 
current seldom exceeded two per cent. of the maximum light current, 
and after the circuit had been closed for fifteen minutes, it decreased 
to .5 per cent. Within the light-tight box containing the photoelectric 


Kunz and Stebbins, Phys. Rev., 7, p. 282; 1916. 
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cell, a beaker of concentrated sulphuric acid was placed to assist in 
decreasing the leakage over the surface of the cell. 
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A Leeds and Northrup type “C” galvanometer (sensibility 11 900 
megohms) was used and deflections of 50 cm were obtained at a distance 
of three meters indicating currents of the order of ten microamperes. 
The system was sufficiently sensitive that the 100-watt lamp used as a 
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source Of illumination could be operated at fifteen per cent. below 
normal rating and 55 volts could be used as the voltage applied to the 
photoelectric cell. The lamp and the cell were operated by separate 
storage batteries. Observations showed that a change of the potential 
used in the cell circuit did not change the relative value of readings 
throughout some particular fluorescent band. The general shape of the 
distribution curve remained the same, and the minimum galvanometer 
deflections corresponding to the blackest region of the band checked 
satisfactorily at the same position on the comparator. 

In the blackening distribution curves, galvanometer deflections 
are used as ordinates and are referred to the upper left-hand corner 
of the page as the origin of axes. Frequency numbers, i.e., the recip- 
rocals of wave length in cm are used as abscissae. See Figs. 5 and 6. 

The photometer proved so satisfactory and accurate that it merits 
consideration as a piece of standard laboratory equipment. Readings 
can be easily and quickly obtained. Comparisons can be made of the 
density of different plates on a quantitative basis rather than a qualita- 
tive basis. X-ray plate densities can be found in a short time and 
compared quantitatively far more satisfactorily than is possible by 
visible inspection. 

Subsequently to the design and use of the photometer by the writer, 
L. J. Boardman‘ used the apparatus in connection with his work on “A 
Study of the Exciting Power for Fluorescence of the Different Parts 
of the Ultraviolet Spectrum.” The ease and facility with which 
quantitative information was obtained in this work indicate that the 
apparatus has many advantages over other methods and over visual 
inspection. 


AMERICAN TELEPHONE & TELEGRAPH Co., 
195 Broapway, New York Ciry. 


*L. J. Boardman, Phys. Rev., 20, p. 552; 1922. 
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On the Use of Absorbing Glasses in Optical Pyrometry.—The 4 
author defines as the “pyrometric reduction”: 4 


pe ao 


Ti T2 1 
where T, is the actual black body temperature and 7; is the apparent? 
black body temperature. A can be measured optically or pyrometrie 
cally and it is desirable to have it independent of the temperature. They 
values of A are computed for the Jena absorption glasses a=F381§ § 
and 6=F7839 when used with filter F4512 in the Morse or Holborn ¥ 
Kurlbaum optical pyrometer in which, of course, the light employed 
is not monochromatic but has a definite range of wave lengths. For 9 
the wave length .656u the transmission of a is 0.01 and for d is 0.1159 
for both there is a rise toward the red which is sensibly greater for a, 
For a rise in temperature from 1100 to 4000°C, A for a increases 1.5 
per cent, while it is constant for b. 

The change in A may be considered as due to two factors: 1) the ¥ 
selective transmission of the absorbing glasses, and 2) the variation in 4 
the energy distribution of the radiation with change in temperature, 9 
The first factor causes a change in A whose direction depends on the 7 
way the effective wave length is shifted by the addition of the absorp 
tion glass to the filter used. For both glasses the transmission rises 
toward the red, causing thereby an increase in A with rise in tempera- § 
ture. The second factor which is effective even with a neutral absorp- ¥ 
tion glass, causes, for the range of wave lengths investigated, a steady 7 
decrease in A with rising temperature. These two effects partially 
annul each other for a and completely for b. 

The use of a rotating sector is also investigated. In this case a sim- 
pler method of computation is possible involving only the opening of the 
sector and the range of wave lengths used at some one temperature, 7 
[Fr. Hoffman, ZS f. Physik, 17, pp. 1-22, 1923.] 

L. Beur 








